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THE EXPERIMENTAL CLEAN COMBUSTOR PROGRAM - 
DESCRIPTION AND STATU.S TO NOVEMBER 1975 
by Richard W. NiedEwiecki 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 

SUMMARY 

The Experimental Clean Combustor Pi-ogram is a multi-year contract ef- 
fort. Primary program objectives are the generation of technology for the de- 
velopment of advanced commercial CTOL aircraft engines with lower exhaust 
emissions than current aircraft, and demonstration of this technology in full- 
scale engines in 1976. The program is administered by the NASA Lewis 
Research Center and is being conducted by two contractors. Low pollution 
engine-combustors are being evolved by the General Electric Company for the 
CF6-50 engine and by Pratt & VTiitney Aircraft for the JT9D-7 engine. 

The progi’am is being conducted in three phases. Phase I, already com- 
pleted, consisted of screening tests of low pollution combustor concepts. 

Phase II, currently in progress, consists of test rig I’efinement of the most 
promising combustor concepts. Phase II test results form the major basis of 
this I'eport. Phase III, also currently in progress, consists of incorporating 
and evaluating the best combustors as part of a complete engine. Engine test 
plans and pollution sampling techniques are described in this report. 

Program pollution goals, specified at engine idle and take-off conditions, 
are idle emission index values of 20 and 4 for carbon monoxide (CO) and total 
unbumed hydrocarbons (THC), respectively, and at take-off are an oxides of 
nitrogen (NOjj) emission index level of IG and a smoke number of 15, Pollution 
data wer’e obtained at all engine operating conditions. Result.s are presented in 
terms of emission index xmd also in terms of tlie Environmental P rotection 
Agency's 1979 Standards Pai'ameter (EPAP). 

In Phase II, each contractor investigated two combustor concepts. All 
combustor concepts incorporated multi-burning zones , produced substantial re- 
ductions of gaseous pollutants and achieved the goal smoke level. General Elec- 
tric evaluated double/ annular and radial/axial combustor q.on;!?epts. The best 
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j dou'blo/asmular configuration excGeded the idle pollution goals producing otnis- 

; Sion index values of CO and THC of 19 and 2.2, respectively. Although the 

i goal was not achieved, a substantial reduction of over 50 percent, compared to 

I the reference production CF()-50 engine, was achieved. On an EPAP hasps, thi.s 

j configuration produced values of 3. 01 for CO, 0. 31 for TIIC, and -i, la for NO^^. 

I In addition, this configuration demonstrated altitude relight chamcteristics com- 

parable to the reference design, did not appear to have any earboning or dura- 
bility prablems tmd did not appear to have imy unsol vable exit temperature distri- 
button pi’obl cm s. Radial/axial combustor pollutant reductions while substantial, 
were not as large as those of the double/ annular design. This combustor ex- 
perienced ilashbaek and durability problems. On the basis of these results, the 
I double/ annular combustor was selected as the most promising concept and the 

j one most I'oadily adaptable to engine installation. 

I Pratt & Whitney evaluated a vorbix and a hybrid combustor concept. The 

best vorbi.x configuration approached the CO and NO.^. goals imd exceeded the 
! TIIC goal. Emission index values of 20. 4 for CO, 3, 5 for THC, and 14.0 for 

i NOx wore demonstrated. Oi^ jm EPAP baHis, this configuration produced values 

of 6.25 for CO, 0.04 for TMC. and 3 . 48 for NOj^. In addition, the vorbix com- 
I bustor produced altitude relight charaeteristies comparable to rPrOD-T rig data 

and did not appear to have any imsolvablc durability or exit temperature di.slri- 
button problems. The hybrid .eombustor produced comparable pollutant reduc- 
tions but demonstrated poor altitude relight characteristic.s. On the basis of 
those I’cs tilts, the vorbix combustor was soiGcted as the most promising concept 
and the one most readily adaptable to bngine installation. 

Up to the present, all combustor testing has been in component test I’igs, 

It appears that two promising low-pollation combustor designs, the Gaieral Elec- 
V trie double/annular design and the Pratt & Whitney vorbix design, suitable for 

engine installation have been developed. However, vci’tfication of the pollution 
I'eductions achieved as well as the praeticality of the designs await the Phase III 
engine demonstration tests wherein the low pollution combustors will bo ovalu- 
ated as components of the CF6- 50 imd the JT8f)-7 engmes. 

INTRODUCTION 

This I'eport describes the results of combustor component testing obtained 
to date for the Experimental Clean Combustor Program. Also described are the 
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program's objectives, program plan, schedule, pollution and performance 
goals, the pollution i-eduction approaches investigated, and future program 
efforts emphasizing demonstration tests of low-pollution combustors installed 
in full-scale engines , 

While considerable progress has been made in reducing the smoke levels 
of gas turbine engines, no combustors for current aircraft incorporate design 
features specifically for the reduction of gaseous pollutants. The Environ- 
mental Protection Agency has published standai'ds which require substantial 
reduction of gaseous pollutants by 1979. The pollutants in question are oxides 
of niti'ogen formed primarily during high power engine operation and carbon 
monoxide and total Lmbumed hydrocarbons formed primarily during low power 
engine operation . 

It appears that substantial reduction of pollutants can be attained. The 
concepts for pollution reduction now exist. However, although the mechanisms 
of pollution production as well as techniques for reducing pollutants are gener- 
ally known, application of these techniques to specific engine-combustor de- 
signs have not yet demonstrated the anticipated pollutant reductions without 
compromising other combustor parameters . Thus additional teclinology was 
needed to apply these concepts. Therefore, the "Experimental Clean Combus- 
tor Program" was initiated since no other program aimed at timely evolution 
of "clean" combustors existed. 

The program aim is to develop tiiis x'equired pollution reduction technology. 
This will be accomplished bj^ evaluating the most promising pollution reduction 
tecliniques tlu’ough combustor component resting, solving interface and per- 
formance problems which low pollutant combustor desi^s create for engine 
installation, and demonstrating the pollution reductions in high pressure ratio 
CTOL engines in 1976. 

PROGRAM DESCRIPTION 
General 

The " E-xperimental Clean Combustor Program" is a multi-year contract 
effort administered by the NASA -Lewis Research Center and cohducted bi^ two 
contractors: The Gene't'al Electric Company of Evendale, Ohio; Pratt & Whitney 
Aircraft of East Hartford, Connecticut. The program's primary objectives are 
the following: 
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1. To generate and demonstrate the technology required to develop ad- 
vanced commercial CTOL aircraft engines with lower exhaust pollutant emis- 
sions than are possible with current technology. 

2. To demonstrate the emission reductions in full-scale engines in 1976. 

Although pollution reduction investigations ax’e being conducted with com- 
bustors sized to fit within the GE CF6-50 }md the P&W JT9D-7 engines, the 
program is aimed at generating technology' primarily applicable to advanced 
commercial engines with overall compressor pressure ratios of 20 to 35. 

This technology should also be applicable to military engines . Specifically, 
the program emphasizes pollution reduction through combustor design. Gas- 
eous pollutant reductions are emphasized since commercial engines currently 
produce smoke emissions which are below visible thresholds. 

Program Plan 

The program is being conducted in three sequential, individually funded 
phases. The planned program schedule is shown in table I. Program phases 
consist of the following: 

Phase I: Combustor screening . - Phase I efforts were initiated in Decem- 
ber 1972, and have been completed. Phase I consisted of component combustor 
test rig screening of various combustor designs to determine the most promising- 
combustor concepts based on pollutant emission characteristics and perform- 
ance. Interim Phase I program status is described in reference 1. Phase I 
program results are detailed in the Contractor Reports contained in references 2 
and 3. Results of combustion noise addendum studies performed concurrent 
with Phase I testing are contained in references 4 and 5. 

Phase II: Combustor refinement and optimization . - Phase II efforts were 
initiated in July 1974, are currently in progress and are nearing completion. 
Phase II results form the major basis for this report. This phase consists of 
refinement and optimization of the best Phase I combustor designs through test 
rig component evaluations in order to establish required overall combustor per- 
formance, durability, and engine adaptability. 

Phase III: Combustor-engine testirig . - Phase III efforts were initiated in 
June 1975, and are scheduled for completion in 197 6 . Phase III consists of 
tests of each contractor's best Phase II combustor as part of a complete engine. 
Engine testing is aimed at authentication of pollution reductions as well as de- 
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termination of low-pollution engine- combustor acceleration/ deceleration char- 
acteristics. 


Program Goals 

Inasmuch as smoke emissions have been reduced to below the visible 
threshold on current commercial engines, program focus is directed towards 
reduction of gaseous pollutants of oxides of nitrogen, total unbumed hydro- 
carbons, and carbon monoxide. However, further reductions in smoke and 
particulate emissions are also sought. These pollutant reductions must be 
accomplished with a minimum and acceptable sacrifice of conventional combus- 
tor performance parameters. 

Pollution goals. - Criteria used for selecting pollution goals were the 
following; The goals represent optimistic projections of achievable pollutant 
reductions. The goals are currently beyond combustor design state-of-the- 
art, and, in order to be achieved, rcquii'e pollutant reductions by factors of 
three to seven for the CF6-50 and the JT9D-7 engines. 

Combustor exhaust pollutant goals in terms of engine operating modes are 
listed in table II. Gaseous pollutant goals for oxides of nitrogen or NO 

X 

(NO^ = NO + NOg), carbon monoxide, CO, and totaT unburned hydrocarbons, 
THC. are expressed in terms of emission index. Emission index is the ratio 
of grams of pollutant formed per kilogram of fuel consumed. Smoke and par- 
ticulate concentrations are expressed in terms of the SAE smoke number. Idle 
and take-off operating modes represoit standard day engine operating condi- 
tions. Pollution data obtained during combustor component testing (program 
Phases I and II) at simulated engine conditions but of reduced pressure, require 
extrapolation to indicate concentrations at engine conditions . 

For comparative purposes, the EnAdronmental Protection Agency 1979 
Standards for T-2 class engines, estimated on an emission index basis, are 
also included in table II. T-2 class engines have been defined by the Environ- 
mental Protection Agency as turbofan or turbojet engines with 8000 pounds 
thrust or greater, excluding the JT-3D and the JT-^SD model families as well 
as supersonic transport engines. The NO^ emission index value was back 
calculated fixrm the EPA Standard by assuming that NO., emission index values 
at taxi-idle and approach conditions are unchanged and that climbout values 
equal 75 percent of the computed take-off value, A comparison of standards 
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jind program pollutant values show that the idle pollutant values are quite 
close. The maior variance occurs in the NO value where the program goal 

X 

is lower, 10 as opposed to 13 for the 1979 EPA standax’ds. 

Also contained in table II ai'e engine emissions data for the JT9D^7 and the 
CF6-50 engines. These data indicate that x'eduetions by factors of three to 
seven are required to achieve program goal values. 

The Envix’onmental Pxx>tection Agency parameter values (EPAPS) for CO, 
THC, and NO„ are contained in table III. Listed are the 1979 EPAP required 
values for T-2 class engines, current EPAP values for the CF6-50 and 
JT9D-7 engines, and the percentages that current engine values exceed the 
required values. As can be seen, substantial reductions are required for 
all pollutants. Subsequent I’eport sections describe emissions data both in 
terms of emission index and EPAP. 

Performance goals . - Key combustor performance goals are listed in 
table IV. With tlie exception of combustion efficiency and possibly pattern fac- 
tor, these goals represent values achievable with current aircraft engines. 

Thus, these goals i-epi’esent limits up to which these values can be increased 
in pursuit of the pollution goals. With current aircraft, combustion efficiencies 
of 99 pei’cent are not achieved at the taxi-idle condition. Combustion efficien- 
cies of 99 percent or higher are required at all engine conditions to achieve the 
progi-am pollution goals. 

Pi’Ogram Approaches to Pollution Eeduction 

The greatest eoncentrations of gas turbine pollutants are formed at the tv'o 
extremes of the engine operating power range. Thus, pollutant control involves 
minimizing pollutant formation at both low power conditions as typified by engine 
idle as well as at high power or talce-off . If pollutant formation can be signifi- 
cantly reduced at the extreme engine operating modes, then corresponding re- 
ductions in pollutants could be realized at intermediate engine ope I'ating modes 
such as descent, cruise, and climbout. For the above reasons, poLlution goals 
were selected at and combustor evaluations w'ere conducted primarily at simu- 
lated engine idle and take-off conditions in Phase I. In Phase II, cchibustors 
are being evaluated at conditions simulating all engine operational nltodes. 

Idle pollutants . - bicomplete combustion is the principal cause of idle pollu- 
tants. The principal pollutants at idle are carbon monoxide, CO, and unbumed 
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hydrocarbones , THC, either as raw fuel or as partially oxidized fuel. The 
latter ai'e primarily responsible for the characteristic odor common to all air- 
ports (ref. 6). Aircraft combustors are designed for maximum performance at 
hike-off and cruise conditions. Operation at low power conditions generally re- 
sults in lower combustion efficiencies and, as a result, in higher pollutant emis- 
sions. Typical combustion efficiencies at idle vary between 88 and 96 percent; 
the actual values are dependent on engine size, type, and age, as well as oper- 
ational procedures such as the amount of power extracted and the amount of 
compressor air bleed used. 

Low combustioiv efficiency at idle results primarily from the poor burning 
conditions encountered. Low combustor inlet air temperatures, typically 366 to 
466 K cause quenching to occur thus terminating combustion before completion. 
Low pressures, typically 2 to 4 atmospheres, reduce burning intensity. The 
low fuel-air ratios requii’ed at idle, typically 0,010 to 0.013, result in low pri- 
mary zone equivalence ratios reducing burning intensity as well as causing 
poor fuel atomization and distribution. Equivalence ratio is the ratio of local 
fuel-aix' ratio to the fuel-air ratio at stoichiometric combustion which is 0.0676 
for A STM jet A fuel. In addition, the low volatility of commercial aircraft 
kerosene fuel further- aggravates the problem. 

High power pollutants . - Combustor pressure, inlet air temperature, and 
fuel-air ratio increase as the power level of a gas turbine engine is increased. 

At full power, the combustion efficiency is nearly 100 percent and negligible 
levels of carbon monoxide and unbumed hydrocarbons exist. However, the 
higher temperature and pressure levels within the combustor lead to the gener- 
ation of smoke and oxides of nitrogen. 

Reduction of smoke and particulate matter has received a great deal of 
attention in recent years and new gas turbine engines generate little, if any, 
visible smoke^ Smoke reduction was accomplished principally by reducing 
combustor primary zone fuel-air ratio thereby eliminating large, fuel- rich 
zones . 

Redesigning gas turbine combustor so that they produce significantly re- 
duced oxides of nitrogen levels is a difficult task. Oxides of nitrogen are na- 
tural products of combustion forming during all combustion processes involving 
air. The formation of oxides of nitrogen in combustors is relatively well un- 
derstood and has been the subject of many technical reports (refs. 7 to 9). The 
amount formed Is controlled by the chemical reaction rate and is a function of 
the flame temperature, residence time of combustion gases at the highest tem- 
peratures. the conc^ trations of oxygen and nitrogen present, and, to a lesser 
extent, the combu.ff.br pies sure. 
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Combined pollution considerations . - Table V highlights some of the diffi- 
culties encountered in applying pollution reduction techniques. Because of the 
large changes in combustor environment between low power and high power 
engine operating modes, and also because of differences in mechanisms for 
production of the pollutants at these operating modes, techniques which reduce 
pollutants at one condition can increase pollutants at the other condition. An 
exception is improvement in fuel preparation and distribution which could pro- 
duce better conti'ol of the combustion reactions thereby reducing pollutants at 
both power modes . 

Program pollution reduction appi'oachcs . - Three main pollution I’cduc- 
tion approaches are being pursued in this program. Each approach appears to 
contain the potential for reducing pollutants at all engine operating conditions. 
The approaches are being investigated individually and in combination. The 
approaches are: , ^ 

Multiple Burning Zones: In this approach combustion is split into two 
burning zones, a pilot burner optimized for low power operation, and a main 
burner optimized for high power operation. Pilot bumer equivalence ratios 
are near 1 at idle with mixing of combustion gases with diluent air delayed. 
Main burner equivalence ratios are 0.5 to 0. 8 at take-off with increased and 
quick mixing of combustion gases and diluent air. Only the pilot burner is 
fired during operation at low power conditions. Both burning zones, with fuel 
reduced to the pilot burner, are fired during high power operation. 

Two types of multiple burning zone combustors are being investigated. In 
one type, each burning zone operates independently of the other. In the other 
type, burners are coupled. For example, hot gases from the pilot burner are 
used to increase combustion stability and vaporize fuel for the main burner. 

Improved Distribution and Preparation of Fuel! The purpose of fuel dis- 
tribution and preparation studies are to provide fuel systems which better con- 
trol fuel- air mixture uniformity as well as mixture strength. The following 
methods are being employed: 

1. Increased number of fuel sources, 

2. Advanced fuel-air atomization teclmiquesv^^^^^^ 

-3. Premixing of fuel and air, upstream of the burhing zones. 

4, Prevaporization of fuel upstream of the burning zones. 

Fuel staging is also being mvestigated. Fuel is being staged radially, axially, 
and in combustor sectors at low power conditions. Staging fuel consists of 
supplying fuel to some but hot all of the fuel injectors . Staging fuel improves 


atomization, increases local burning' mtcnsities, and minimizes quenchmg inter- 
faces between eombustion gases and diluent air. 

Combustor Air Distribution: Effects of combustor air stagmg are being de- 
termined by proportionating airflow with combustor blockage to produce optimum 
pollution reduction conditions at either low or high power conditions, 

Px’Ogram applications of these teclmiques are described in the neJct section 
of this repox’t. 


ENGINE-COMBUSTOR CONCEPTS 
Reference Engine-Combustors 

All of the low-pollution combustion concepts investigated in this program 
were configured to fit within the contractors eng'ine- combustor envelope, and 
designed to operate at engine environment conditions. Contained below are 
descriptions of the Pratt & Wliltney JT9D-7 engine and the General Electric 
CF6-50 engine. More detailed descriptions are contained in references 2 and 3, 

JT9D-7 engine-combustor . - the JT9D-7 engine is an advanced, dual-spool, 
axial flow turbofan engine designed with a high overall compression ratio and 
a high bypass ratio. The mechanical configuration is shown schematically in 
figure 1. Since its introduction into commercial service, this engine has ac- 
quii’ed widespread use as the power-plant for both the Boeing 747 and the Douglas 
DC-19-40 aircraft. 

The engine consists of five major modules: a fan and low-pressure com- 
pressor module, a combustor module, a high-pressure turbine module, and a 
low-pressure turbine module. The low-pressure Spool consists of a single 
stage fan and a three-stage, low-pressure compressor driven by a four-stage, 
low-pressure turbine . The high-pressure spool consists of an eleven-stage, high- 
pressure compressor driven by a two-stage, high-pressure turbine The acces- 
sory geai'box is driven through a towershaft located between the low- and high- 
pressure compi'essors. Selected key specifications for the JT9D-7 engine are 
listed in table VI. 

The mechanical design of the JT9D-7 reference combustor is shown sche- 
matically in figure 2. The combustor is annular in design with an overall 
length between the trailing edge of the compressor exit guide vane to the leading 
edge of the turbine inlet guide vane of 0. 6 meter. The actual burning length be- 
tween the fuel nozzle face and the turbine inlet guide vane leading edge Is 0. 45 
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motor. Koy pei'formanco parameters of the JT9D-7 I'eference combustor are 
summarized in table VII. 

CF6-50 cnainc-combustor . - The CF6-50 engine is a duel-rotor, high-bypass 
ratio turbofan Incorporating a variable stator, high-pr’essure ratio compressor, 
an annular combustor, an air-cooled core engine turbine, and a coaxial front 
fan with a low-pi’essurc turbine. The CF6-50 engine is in commercial service 
as the powei’plant for the McDonnell-Douglas DC-10 Series .10 Tri-Jet long 
range intercontinental aircraft and the Airbus Industrie A300B aircraft. 

Basic engine sections arc shown in figure .1. The engine consists of a fan 
section, compressor section, combustor section, turbine section, and acces- 
sory drive section. This high bypass turbofan engine has a high thrust-to- 
weight ratio and favorable fuel economy characteristics. The key overall 
specifications of the CF6-50 engine ai’e presented in table VIII. 

The mechanical design of the CF6-* 50 reference combustor, as installed in 
the engine, is shown schematically in figure 4. The key features of this com- 
bustor are its low-pressure loss step diffuser, its carbureting swirl cup dome 
design, and its short burning length. Several of the more important design 
parameters of this combustor are presented in table IX. 


Low- Emission Combustor Concepts 

Contained below arc descriptions of the combustor concepts evaluated in 
program Phases I and II. 

Pratt & Whitney JT9D^7 combustor concepts . - 90° sectors of combustors, 
of the JT9D-7 engine-combustor size were evaluated in both program phases . 

Phase I Combustor Designs: Thirty-two configurations of three dhstinct 
combustoi’ concepts were evaluated. The concepts are shown schematically in 
figure 5 and arc described below. 

1 . Swi rl- can Combustor - As in all swirl-can corabustors , all combustor 
airflow exclusive of liner coolant air, passes either through or around tiie 
combustor modules and thus through the primary burning zone. Each swirl- 
can consists of three major components; a carburetor, swirler, and a flame 
stabilizer, ha operation, fuel and air enter the carburetor, mix m passta 
through the swirler, and burn in the wake of the flame stabilizer.. The combus- 
tor consists of a 3- row array simulating 120 swirl- cans for the entire annulus. 
Module diameters varj' between rows widi the largest modules placed on the 
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outei' x'ow. This arrangement provides maximum stability and corresponding 
minimum carbon monoxide and unbumed hydrocarbon emissions during low- 
power opex’ation whex’e only the outer module row is fueled. 

Combustor modifications Included variations in the three module compo- 
nents as well as variations in fuel entry techniques and swiii-can equivalence 
ratios . 

2. Staged Px'emix Combustor - This combustor consists of multiple burning 
zones; a pilot or low-power buxner, and a main burner. Each burner has its 
own fuel injectors, premix passage, fiameholder, and combustion volume. 

The main pollution reduction features contained in this combustor are the pre- 
mix passages. Their purpose is to contx’ol fuel-air mixture uniformity and 
strength. 

Idle power is furnished bj' supplying fuel to only the pilot burner. Both 
burners are fueled at high power. The tv.'o premix passages and combustion 
zones are axially displaced with the pilot zone located upstream of the main 
zone. This placement avoids rapid quenching of the pilot zone combustion 
gases by main zone air. 

Combustor modifications emphasized staging of fuel and air between the 
combustion zones as well as varying the diluent air. 

3. Vorbix Combustor - This combustor also employs two burning zones, a 
pilot, and a main zone, located along the combustor axis . Air and fuel splits 
between zones are configured so that the pilot burner only is fueled at idle con- 
ditions, At high-power conditions, main burner fuel is introduced at tire exit 
of the pilot zone where it is vaporized. Air required for main zone burning is 
intx'oduced through swixTers located on both combustor liners . Modifications 
emphasized fuel and air splits between burning zones as well as location and 
number of main zone fuel sources . 

Detailed test results for all thx’ee combustor concepts are contained in ref- 
erence 3. Although all program goals were not achieved with any of the con- 
cepts, all concepts produced significant pollutant reductions. 

Lowest emissions at idle engine conditions were obtained with the staged 
premix combustor. The cax’bon monoxide emission index level was 55 percent 
below the goal and the total hydrocaibon emission index level was 75 percent 
below the goal. The vorbix combustor approached but did not meet the goals . 
The swirl-can combustor provided significantly higher idle emissions that were 
close to the levels pxx»ducedby current production JT9D-7 cbnibustors. 
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At sea-level take-off conditions, although none of the combustors was able 
to meet the goal for oxides of nitrogen, several combustor configurations pro- 
vided significant reductions relative to the pi’oduction combustor. The best 
results were obtained with the vorbix and the swirl-can combustors, both of 
which provided approximately 60 percent lower emissions of nitrogen oxides 
than the current production JT9D-7 combustor. All three combustor concepts 
met the smoke goal . 

Combustor performance data indicated the need for substantial improvement. 
The vorbix and swiiT-can combustors operated with combustion efficiencies of 
99. 5 percent or higher at take-off conditions. The staged premix combustors 
had lower efficiencies at take-off conditions . Both the swirl-can and the staged 
premix combustors require development to meet the current JT9D-7 engine 
altitude relight requirements. 

Phase II Combustor Designs: Based on Phase I results, two combustor 
concepts were selected for Phase II evaluation. These combustors are described 
below. 

1. Vorbix Combustor - The Phase II vorbix combustor design is shown 
schematically in figui'e 6(a) and pictorially in figure 6(b) . This design evolved 
from Phase I testing and incorporated several modifications. These are: the 
pilot burner length was increased to reduce carbon monoxide and unbumed hydro- 
carbon emissions; to reduce oxides of nitrogen formation, the main burner length 
was shortened, liner hsight was reduced, and the throat height connecting the 
pilot and main burners was reduced. A listing of the Phase II vorbix configura- 
tions evaluated to date is contained in appendix A. Data tables for all evaluated 
configurations are contained in appendix B. 

2. Hybrid Combustoi’ - The hybrid combustor is shown schematically in 
figure 7(a) and pictorinily in figure 7(b). This design represents an attempt to 
combine the best features of two of the Phase I designs: a staged premix pilot 
burner which produced low pollutants at idle conditions; a swIxT-can main burner 
which pi’Oduced low pollutants at take-off conditions. A listing of evaluated 
Phase II hybrid configurations is contained in appendix A. Data tables for eval- 
uated configurations are contained in appendix C. 

To date, die Pratt fe Whitney Phase II test program is approximately two- 
thirds complete. Both combustor designs have been evaluated and the vorbix 
design has been selected as the one most promising and most readily adaptable 
for engine installation. Further Phase II testing will be used to optimize this 
design foi’ Phase III engine installation. 
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General Electric CF6-50 combustor concepts . - Full-annular combustor 
designs, conforming to CF6-50 dimensions, were utilized to determine pollu- 
tion levels and combustor performance. Sector rigs were also utilized for spe- 
cialized testing: altitude relight tests were performed in a 60° sector; high- 
pressure durability and carboning tests were performed in a 13° sector. 

Phase I Combustor Designs; Thirty-four configui-ations of four combustor 
concepts, including specialized testing of the CF6- 50 design, were investigated. 
The combustor concepts are shown schematically in figure 8 and are described 
below. 

1. Specialized testing of the standard CF6-50 combustor was undertaken 
to validate test facility pollutant sampling techniques and to assess the effec- 
tiveness of various fuel and air staging techniques in reducing low-power 
pollutants. 

2. Single Annulus Lean Dome Combustor - The standard CF6-50 combustor 
was modified to produce extremely lean primary zone equivalence ratios. This 
was accomplished by eliminating the diluent air and passing all of the combus- 
tor airflow through the pi-imary zone. The lean primary zone tests, along with 
the reference CF6-50 usts, evaluated the potential of incorporating variable 
geometry into standard combustor designs. 

3. Swirl-can Combustor - A 2-row swirl-can combustor was evaluated by 
General Electric. Combustor features are similar to the Pratt & Whitney design 
differing priiicipally in the reduced number of swirl-cans and swirl-can rows in 
the array. General Electric evaluated arrays consisting of 60, 72, and 90 
modules . 

4. Radial/Axial Staged Combustor - This combustor incoi'porates multiple 
burning zones; a pilot burner of conventional design, and a main burner incor- 
porating a premix passage. Combustor operation is staged with only the pilot 
bumer fueled at low-power conditions and both burners fueled at high-power 
conditions. Main zone burning is stabilized by V-gutter-type chutes located at 
the end of the premix passage. Combustion gases from the pilot burner are 
used to enhance main burner combustion stability, permitting operation tp low 
main zone equivalence ratios. 

5. Double Annular Lean Dome Combustor - This combustor incorporates 
two parallel burning zones, hr operation, only the outer annulus is fueled at 
low-power conditions. Both annuli are fueled at high-power conditions . Com- 
bustor modifications emphasized fuel nozzle type, fuel and air distiabution. and 
diluent air intioduction. 
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Phase I detailed test results are contained in reference 2. All program 
goals were not achieved with any of the combustor concepts. CF6-50 combustor 
tests demonstrated that substantial pollutant reductions apporaching goal values 
are achievable at engine idle by sector burning the fuel. No NO reductions at 
take-off were obtained. Swirl-can combustors produced only minimal pollutant 
reductions at both idle and tal<e-off conditions. The double/annular and radial/ 
a?dal combustor designs achieved idle pollution goal values and reduced NO„ 
baseline take-off levels by approximately 50 percent. 

Phase II Combustor Designs: Based on Phase I results, the double/ 
annular and radial/ axial combustors were selected for Phase II evaluation. 

The Phase II designs incorporate minor modifications of the Phase I designs 
and are discussed below. 

1. Double Annular Combustor - The Phase II double/annular combustor 

is showm schematically in figure 9(a) and pictorially in figure 9{b). Figure 9(c) 
is a photograph of the 60° altitude relight sector which illustrates the combus- 
tor's front end. A listing of Phase II configurations Is contained in appendix A. 
Data tables for all evaluated configurations are contained in appendix D. 

2. Radial/Axial Combustor - The Phase II radial/axial eombustor design 
is shown Schematically in figure 10(a) and pictorially in figure 10(b). A listing 
of the Phase II configurations is contained in appendix A . Data tables for all 
evaluated configux’ations are contained in appendix E. 

The General Electric Phase II test program has been completed. Both 
combustor designs have been evaluated and the double/ annular design has been 
selected as being the most promising and most readily adaptable to engine in- 
stallation. 

TEST CONDITIONS, PROCEDURES, AND DATA ANALYSIS 

Combustor pbllution and performance testing were performed at actual 
engine operating conditions, simulated engine operating conditions and para- 
metric vai'iations about the reference engines operating ccmditions . In those 
tests, the combustor inlet temperatures, reference velocities , fuol-air ratio-s, 
and turbine cooling air extraction rates of the reference combustors w'che ex- 
actly duplicated. Combustor mlet pressure levels were also duplicated at the 
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idle condition. Ilowevei', pressure levels were reduced, relative to those of 
the reference engines, at approaeh, climbout take-off and simulated cruise 
due to test rig airflow/pressure limitations. In these oases, airflow rates 
were correspondingly reduced to maintain the true reference velocities. 

Pratt & Wliitney test rig conditions are shown in table X. General 
Electric test rig conditions are shown in table XI. Also included in these 
tables for comparison are the reference engine-combustor conditions where 
they differ from the test rig conditions . 

Altitude relight testing was conducted at conditions simulating the engine- 
combustor relight map. Relight factors investigated were lean blowout, relight, 
and cross-fire. 

Data Acquisition 

Data acquisition procedures were designed for expedient data acquisition 
for all engine operating modes . Pollution data were obtained at the combustor 
exit plane by utilizing multi-point traversing rakes . Samples were recorded 
by on-line gas imalysis equipment consisting of Beckman Model 402 flame ioni- 
zation detectors for total unbumed hydrocarbon measurement, nondispersive 
infrared (NDIR) instruments for measurement of carbon monoxide and carbon 
dioxide, and chemiluminescence analyzers for measurement of nitric oxide and 
nitrogen dioxide. Smoke emissions were measured by filter strain methods. 

Combustor exit temperature distributions Were determined by multi-point 
traversing rakes . Sufficient combustor instrumentation was provided to assess 
combustor performance and status during test runs. All data were recorded 
by on-line computing systems* Additional details regarding instrumentation, 
sampling techniques, probe designs, procedures, etc, and contained in refer- 
ences 2 and 3, 

Data Analysis 

Test rig data are ccaitained in appendixes B through E in sections entitled 
”1. Test Rig Data’’ . In setting test point conditions, it was rarely possible 
to operate precisely at the desipi point fuel-air ratio. Thus, when more than 
one fuel-air ratio was investigated at a test condition, the general procedure 


used was to plot the emissions against fuel-air ratio and determine emission 
levels at the desigTi point fuel-air ratio by interpolation. When only one fuel- 
air ratio was investigated at a test condition, emission levels at that value are 
reported. 

Combustion efficiencies were calculated from concentrations of carbon 
monoxide and total anbumed hydrocarbons in the combustor exhaust gases . 

A carbon monoxide level of 42.7 is equivalent to a 1-percent combustion in- 
efficiency. An unbumed hydrocarbon level of 10 is equivalent to a 1-percent 
combustion inefficiency. Exhaust gas sample validity was constantly moni- 
tored during test runs by comparing calculated carbon balance fuel-air ratio 
values witli metered values. 

Data Correlation P rocedures 

Correlations extrapolating test rig data to reference engine conditions 
were required in order to permit comparisons of test rig results with program 
goals. EPAP requirements, and with current reference engine levels. Corre- 
lations were required for the following reasons: 

1. In the test rigs it was not possible to duplicate engine pressure levels 
greater than idle. 

2 . Since it was rarely possible to set design point values precisely in the 
test rigs, it was necessary to normalize the data to the design points. 

GeneraUy, pressure correlations from test rig to engine values, especially 
for higher engine power points, produced large differences m pollution data. 
Normalization of test rig to engine parameters of inlet temperature, reference 
velocity , inlet-air humidity, and combustor exit temperatures for NO„ corre- 
lation produced small differences, in the aggregate ordinarily within several 
percentage points , with the exception Of inlet-air humidity corrections of the 
Pratt & Whitne 3 '^ rig data. Pratt & Whitney inlet-air humidity corrections pro- 
duced NO„ I'eductions of 8 to lO percent. 

Test rig data extrapolated to engine conditions are contained in appendixes 
B through E under sections entitled ”2, Data corrected to engine pressures' - , 
and are diseussed in succeeding report sections . The correlations used are 
des e ribed below . 

- The NO„ correlation parameter used has 
been previously deseribed in refereripes 8 and 10 and is given below: 
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NO^Eng = (NO^Rig) Eng ^ 


/ inlet, Eng ~ "^tnlet, Rig^ . 
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where subscripts; 


Eng 
Rig 
P 
V. 


ref 

p 

exit 

^inlet 


n 


n 


engine design point values 

test rig values 

inlet total pressure, atm 

reference velocity, m/ sec 

combustor exit average temperature, K 

combustor inlet temperature, K 

inlet-air humiility (normalized to a humidity level of 6. 29 g/kg which 
corresponds to 60 percent relative humidity on a standard day) 

inlet pressure ratio exponent, (=0,2 or 0.5) 


Two values were used for the inlet pressure ratio exponent n. For the majority 
of the data, exclusive of engine approach data where only the pilot was fired, the 
exponent was 0. 5 This value is consistent with the value used in references .3 
and 10. For approach data with the pilot only fired, an exponent of 0, 2 was used. 
This exponent was derived from Phase II data by General Electric personnel and 
resulted from a statistical analysis of test data. Verification data for.this ex- 
ponentare contained in table XII and figure 11. 

Total unbumed hydrocarbon correlation . - Total unburned hydrocarbons 
were correlated from test rig to engine pressures by the following expression: 


THC^„g.-THCj,.g^ 


Eng> 
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Verification data for this expression, developed by General Electric personnel 
with Phase II data, ai'e contained in table XII and figure 12. No correlations 
except the inlet-pressure correction were made to the total unbumed hydro- 
carbon data. 

Carbon monoxide correlation . - Test rig carbon monoxide levels were cor- 
related to engine pressure levels by the following expression; 


CO„ , CO„. ., 
Eng Rig I 


' f 

Eng/ 


where 



/CO 


Rig 


\ 100 




and X equals 0. 6 for pilot only operation, and 0.2 when both burning zones 
ai'o fired. Verification data for this expression, developed by General Electric 
with Phase II data, are contained in table XII and figure 13. Only inlet-pressure 
corrections were made to the carbon monoxide data. 


EPAP Calculations 

The data and calculations presented below were obtained from General 
Electric and Px-att & Whitney . This material describes the data inputs and cal- 
culations required for calculating EPAP values for the GF6-50 and JT9D-7 engines. 

General Electric EPAP calculation . - Production engine GF6-50 standard 
day status cycle data are presented in table XIII. The idle data were obtained 
from a status deck matched to 109 production engines . The high-power cycle data 
were obtained from a cycle deck matched to 17 production engines. 

EPAP Calculation Procedure: A standard procedure fox’ calculating emissions 
levels, in tei'ms of the pax’ameter (EPAP) used by the EPA in defining standards 
for the test configurations has been developed. The prescribed procedure is; 
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where 

El emissions index (g/kg fuel) 

EPAP emissions pai-ameter (g/kg thrust-hr) 

Ej^ net thrust (KN) 

t prescribed time (min) 

Wp fuel flow rate (g/s) 

and the subs cx'ipts are 

i type of emissions (GO, HC, NO.) 

] prescribed power level (idle, approach, climbout, and take-off) 

For a particular engine cycle, equation (1) can be reduced to; 

j 

EPAP. = (C.)(EI^.) (2) 


where 



60'\ lOOoj 
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The coefficients (Cj) for the CF6-50C cycle are derived in table XIV and equa- 
tion (2) becomes 

EPAP, = 0.1385 (EI,_j^^> +0.0912 (Eli, climb) 

+ 0.C571(EIi,i^l^^_^„) (4) 

Alternately, equation (2) can be expressed as 


EPAPi (EPAP 3^^) 


EL. 
IL 


''EPAP, 


i, std 


] /. 


where (EPAP. is the standai'd for each type of emissions. For the 
CF6-50C, equation (5) becomes 


(5) 


EPAP^,.^ = 4.3 f ^^ Qjidl e ' approach '] ^ ; 


CO 


\ 31. 49 : 


47.15 


/ 


V 


28.91 j 


^ ^^CQ. take-off 

75.30 


(Ga) 


VT TTI j?r 

EPAP 0 8 EG, idle ^^HC, approach ^ ^TIC. climb 


nc 


5,859 


5. 379 J 


El, 


H C, take-off 
14.01 


(6b) 


8.771 


El 


EPAP 


NO,, 


- 3.0 


X, idle 


NO, 


El 


21.07 / 


X, approach 
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^^x, climb 
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El 
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In this form, each term in the summations is the fraction of the standard pro- 
duced at that operating mode. Calculations based on equation (6) and measured 
emission indices are used to calculate the EPAP. 

Production engine CF6-50 standard day dry EPAP values and the engine 
mode pollutant contributions to the valves are presented in table XV. 

Pratt & Whitney EPAP calculations. - Production engine JT9D-7 standard 
day status cycle data are presented in table XVI. TheNO„, CO, and THC data 
were obtained from an 18-engine pilot lot data base with JP4 and Jet A fuel. 
Multiplication of the emission index for CO, THC, and NO by the EPAP coef- 

A 

ficient at each engine mode yields the EpAP contribution for that engine mode. 

A summation of the EPAP contributions gives the EPAP value. 

Current production JT9D-7 emission index values and EPAP values are 
contained in table XVII. 

Report EPAP calculations. - All of the EPAP data contained in this report 
were computed using the methods and coefficients described above. Where com- 
bustion efficiencies were less than values assumed for the EPAP coefficient cal- 
culation, coefficient terms were not re-calculated. 

RESULTS AND DISCUSSION 

Presented in this section are summaries of pollution and performa-iice test 
rig residts for the combustor concepts evaliated in Phase II. 

Pratt & Whitney Combustor Concepts 

Since the Pratt fe Whitney Phase II test program is still in progre,ss , final 


assessments regarding the combustors canpot be made at this time. Results 
obtained to date are given below. 

Pollution results . - Total unbumed hydrocarbon goals were achieved with 
both the vorbix and hybrid combustors. Carbon monoxide and oxides of nitrogen 
goal values were not achieved. However, substantial reductions of both pollu- 
tants, compared to reference JT9D-7 engine levels, were realized and pro- 
gram goals and 1979 EPA standards were approached. Smoke levels were low 
for both combustors . 

Vorbix Combustor: Vorbix combustor test results, for all configurations 
evaluated, are contained in appendix B. A summary of these results is con- 
tained in table XVIII. Listed ai'c the EPAP values including the EPA P con- 
tribution at each engine operating mode extrapolated to engine condidons, the 
1979 EPAP standard values, and production JT9D-7 engine pollution levels. 
Three sets of test point combinations are presented for each configuration; 
those producing the lowest NO EPAP, those producing the lowest CO and THC 
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EPAPS and those producing the lowest combined EPAP's for all three pollu- 
tants . Data points are identified by configuration numbers which are defined in 
the appendix. 

The greatest single factor limiting achievable pollutaiit reductions with the 
vorbix combustor is CO formation in the pilot burner. This is especially true 
at the engine idle condition where program CO goal values were not achieved. 

At higher power points, NOj. reductions were also limited by pilot burner per- 
formance. In order to obtain high-combustion efficiencies, the pilot burner re- 
quired a greater percentage of fuel than was desirable for low fonnation. 

The vorbix combustor did demonstrate one opex'ational feature which was 
not demonstrated by any other Phase II combustor . That is, at the approach 
condition, high-combustion efficiency performance was Obtained with both the 
pilot and main burners fully fueled, This feature eliminates unnecessary fuel 
staging and should make achievement of required acceleration/deceleration per- 
formance easier to attain. 

The bext vorbix combustion pollution data were achieved with configura- ; 
tions S-11 and S-20. These results gre contained in table XIX, Configuration 
S-11 produced the lowest NQj^, idle CO EPAP values. Con- 

figuration S-20 produced the lowest CO EPAP value but at the unblcd idle con- 
dition. The unbled idle cohdition, at which the produetlon JT9D-7 is evaluated, 
is less severe than the bled condition since combustor inlet temperatures and 
pressures arc higher. Thus it appears that eonfigu ration S-11, although it was 
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not evaluated at the unbled idle condition, should be capable of producing the best 
vorbix pollution results. 

Also included in table XlX are simulated cruise performance data. S-11 
cruise results are not representative of attainable vorbbc cruise pollution levels 
since the data were obtained at a non-optimum pilot-to-main burner fuel split. 
Configuration S-20 is more indicative of achievable cruise pollution levels. Two 
sets of cruise data are presented. They differ in that different amounts of fuel 
were supplied to the pilot burner. The higher CO, lower NO values were ob- 
tained with a smaller amount of fuel supplied to the pilot burner and a greater 
amount supplied to the main burner. 

Hybrid Combustor; Hybrid combustor test results are contained in appen- 
dix C. A summary of test results is contained in table XX. 

Major factors limiting the pollutant reductions which could be achieved 
with the hybrid combustor are the nari’ow combustion stability range of the pre- 
mix pilot bomer and the quick quench of the main burner, The pilot burner, 
while producing excellent idle performance, did not operate efficiently at reduced 
pilot fuel-air ratios for higher engine power points w^hen both burners were fired. 
In addition, at the approach condition, efficient combustion was not achievable 
with both burners fired, although efficient approach barfiing was achieved with only 
the pilot burner fired. 

q’lie best hybrid combustoi' pollution data were achieved with configurations 
11-5 and H-O. These data are contained in table XXI, Configuration H-5 produced 
the lowest NOj^ EPAP value. Configuration H-6 produced the lowest CO and THC 
values . 

Combustor performance results , - In most cases the vorbix combustor pro- 
duced better performance x'esults. The vorbix combustor demonstrated test rig 
relight capability comparable to the reference JT9D-7 engine- combustor. The 
hybz’id combustor altitude relight was unsatisfactory with blowout and maximum 
relight occurring below required values. 

Both combustor concepts produced pressure loss levels comparable to the 
refei'ence combustor. Both combustors also produced radial average exit tem- 
perature pi'ofiles which, while not identical to the reference combustor profile, 
incUcated that the reference combustor profile was achievable with additional 
effort. 

Patte 111 factors measured for both combustoi' concepts at high-pov/er con- 
ditions were higher than the reference combustor being 0.4 to 0.7 as compared 
to 0. 42 for the reference combustor. However, it appears that with .sufficient 


24 


added effort pattern factors for both concepts could be reduced to acceptable 
levels. At low-power conditions, vorbix combustor pattern factors were accept- 
able. Hybrid values were not, generally being greater than 1. While uneven 
temperature distributions are not generally a problem at low power conditions, 
gross maldistributions could have an effect on turbine life. 

Wliile combustor durability was not extensively investigated, potential 
durability'' problems appear to exist in both combustor concepts. The hybrid 
combustor pilot e>q)ex'ienced flashback into the premix passage and some ero- 
sion occuri'ed in the main stage swirlers. The vorbix combustor '’'throaf' 
which joins the pilot and main burners appears to be particularly succeptabie 
to hot spots and will require additional coolant air in the engine-combustor 
design . 

Pollution and performance combustor assessments . - Based oh the pollu- 
tion and performance data obtained to date, the vorbix combustor was selected 
as the more pi’omising concept and the one most readily adaptable to engine 
installation. Thus further Phase II testing will be restricted to the vorbix 
combustor and engine-combustor hardware will be designed and fabricated for 
Phase III engine testmg. 

Remaining Phase II testing will emphasize optimization of poliution reduc- 
tion features, pattern factor’ and radial exit temperature tailoring, and fui’ther 
altitude relight assessments. 

General Electric Combustor Concepts 

The General Electric Phase II test program has been completed and the 
results obtained are givtai in the succeeding sections. 

Pollution results . — Carbon monoxide and total unburned hydroearbon goals 
were achieved with several of the GE combustors. Oxides of nitrogen goal values 
wei’e not aclneved. However, substantial NO reductions, compared to reference 
CF6-50 engine levels, were realized. Smoke levels were low for all combustor 
configurations investigated. 

Double/Annular Combustor; Double/annular combustor results for all 
configurations are contained in appendix D. A summary of these results is con- 
tained in table XXII. As can be seen, 1979 required EPAP values for CO and 
THC were achieved mid surpassed for all of the latter configurations. However, 
it was not possible to opex'ate this combustor at approach conditions with both 
burning zones fully fueled. 
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The best double/annular pollution data obtained are shown in table XXIII. 
Configuration D/A-13 produced the lowest EPAP values for all pollutants. Two 
sets of EPAP values are shown. These include two different fueling modes at 
approach; the pilot only fueled and the pilot and one-half the main burner sec- 
tor fueled. The polot only mode produced the lowest CO and THC EPAP values. 
The pilot and one-half the main sector fueled produced a lower NO^ EPAP while 
still exceeding CO and THC EPAP requirements. Of the two modes, the pilot 
and one-half main fueling mode appears preferable since this mode will facili- 
tate engine acceleraticHi. 

Configuration D/A-13 utilized all available combustor airflow for combus- 
tion and dilution, leaving none for tailoring of exit temperature distribution. 
Configuration D/A-lO has approximately 5 percent of the combustor airflow 
available for exit temperature and thus would probably be a more realistic 
configuration for engine installation. This configuration produced lower CO 
and THC EPAPs but a higher NO^ EPAP. 

Although NO 1979 EPAP standard values were not achieved with the double/ 
annular combustor, values of 4 to 4. 5 have been achieved. These values Tepre- 
sent substantial reductions compared to the reference CF6- 50 engine value of 
7.7. The NO^ EPAP requirement is particularly difficult to attain with the 
CF6-50 combustor because of its high pressure ratio of 30:1. The high- 
pressure ratio results in high combustor inlet temperatures and pressures both 
of which increase NO„ formation. The magnitude of these effects can be esti- 
mated by consideration of the NO> correlation parameter described in a prior 
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section. 

Radial/Axial Combustor: Combustion and pollution results for all radial/ 
axial combustor configurations are contained in appendix E. A summary of pol- 
lution results are contained in table XXIV. As can be seen, it was not possible 
to operate with high combustion efficiency at the approach condition with both 
burning zones fueled. Only the unburtted hydrocarbon 1979 EPAP standard was 
achieved with this combustor. Decreases in levels were generally accom- 
panied by increases in CO. 

The best radial axial combustor pollution data were obtained with configura- 
tion E/A-2 and are given in table XXV. Two sets of data at climbout and take- 
off are included. These represent different pilot fuel-air ratios for the same 
overall fuel-air ratio. Reducing pilot fuel-air ratio typically produces lower 
NO EPAP values but accompanying higher THC and CO values . Cruise data for 

■X ■ 

two different fueling modes are also included. By fueling only one-half the main 
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burner, EPAP values can be reduced by 1. 5 without significantly affecting 
CO and THC emissions. 

Combustor performance results . - Both the double/ annular and the radial/ 
axial combustor demonstrated pressure loss levels comparable to the reference 
CF6-50 combustor. Both combustors produced radial average exit temperatui e 
pi’ofiles which, while requiring additional tailoring to achieve reference values, 
indicated that reference values were achievable. Both combustors also demon- 
strated good altitude relight, cross-fire, and blowout capability . Relight 
assessments were made in a 60° sector rig and relight improvements were in- 
corporated into the full-annular hardware as testing progressed. 

Extensive carboning-durability assessments were made in another sector 
rig. Tests were conducted With heavy distillate fuels at increased pressures . 
Results indicated that the double/annular combustor does not appear to have 
any durability-carboning problems. The radial axial combustor, conversely, 
experienced upstream burning in the main stage premix passage with resulting 
hardware damage. 

Pattern factors for both combustors were higher than desirable. At high- 
power conditions, pattern factors typically were between 0. 35 to 0. 50 as com- 
pared to the reference combustor value of 0.25. Double/ annular pattern fac- 
tors at low-power conditions of idle and approach were high - generally near 1. 
Thus additional efforts are raquired to reduce pattern factor values, especially 
for the double/annular combustor at low-power conditions . These efforts will 
be conducted in the early phases of the Phase III program where the engine- 
combustor hardware will be evaluated in the full-annular test facility prior to 
engine installation. 

Pollution and performance combustor assessments . - Based on the Phase II 
pollution and performance data, the double/ annular combustor was selected as 
the most promising comcept and the one most readily adaptable to engine 
installation. This combustor concept has been designed and will be fabricated 
for Phase III engine testing. 

PHASE III - ENGINE DEMONSTRATIONS 

Up to the present, all testing conducted under the ''Experimental Clean Com- 
bustor Program" has been in test rigs at reduced pressure conditions. It appears 
that two proinising low-pollution combustor designs, the GE double/annular design 
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and the Pratt & Whitney vorbix design, suitable for engine installation have been 
developed. However, verification of the pollution reductions achieved as well 
as the practicality of the designs await the engine demonstration tests wherein 
the low-pollution combustors will be evaluated as components of the CF6-50 and 
JT9E-7 engines. 

To date, the Phase III effort has been initiated and the engine demonstra- 
tions will be completed in 1976. The Phase III program consists of several 
efforts. These are described in succeeding sections. 


Design Efforts 

Design of combustor hardware was initiated in Phase II with final comple- 
tion and solution of engine-combustor interface problems occui'ring in Phase III. 

fi) addition to combustor hardware, engine fuel control systems capable of 
providing fuel distribution for multi-burning zone combustors are also being 
designed. The fuel control must satisfy alt engine fuel handling requirements 
including acceleration, safety, and draining requirements. The control will be 
a breadboard design which will not include control of vane or bleed scheduling. 

Engine Tests 

A series of three test sequences will be conducted. These consist of the 
following: 

Shakedown tests . - The purpose of the shakedown tests is to determine that 
the engine, combustor, and instrumentation are in proper working order for 
subsequent testing, hx addition assessments will be made regarding fuel flow 
splits and their effect on engine acceleration. Testing will be primarily at idle 
and sub-idle power levels. 

Steady-state performance/ emissions tests ■ - The engines shall undergo a 
series of tests at actual engine operating conditions . Test objectives consist 
of the following: 

1. Optimization and combination of engine/combustor hardware and fuel 
splits between burning zones . 

2 . Documentation of pollution and performance characteristies . 

.2, Assessments of pollution sampling techniques. 
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Data will be obtained at the engine power points listed in table XXVI. Two 
types of engine test points are indicated. Test points of primary interest are 
designated as main power points and consist of idle, approach, climbout, and 
take-off. Three fuel flow splits shall be investigated for each of these power 
settings. Variations in fuel flow splits will be utilized in asssessing tradeoffs 
between combustion efficiency and emission levels. 

In addition to the main power points, pollution and performance data will 
also be obtained at the six secondary power points listed in table XXVI. Data 
obtained at the secondary power points will be utilized to better establish 
engine pollution and performance characteristics. 

Three techniques will be utilized to obtain engine exhaust pollution data. 
Implementation of these techniques is shown in table XXVI and is discussed 
below: 

12-Point Fixed Sampling: The first technique will utilize the 12-pOint 
cruciform rake described in the Federal Register of July 17, 1973, volume 38, 
number 136 - Part II entitled '’ Control of Air Pollution from Aircraft and 
Aircraft Engines". This technique will be used at the main engine power points 
at the optimum fuel splits . 

24-Point Fixed Sampling; The second technique also consists of fixed 
sampling and is the primary pollution sampling technique. It shall be utilized 
for all test points, This technique also consists of a cruciform rake with double 
the number of arms , 8 instead of 4 The arms will be located 45^ apart with 
each arm containing three probe sampling positions at the centers of equal areas. 

Traverse Sampling: Traverse sampling consists of rotating the probe de- 
scribed above and obtaining samples at 5® intervals. Traverse data will be ob- 
tained at the main engine power points at the optimum fuer splits . 

Acceleration and deceleration tests. - Acceleration/deceleration engine 
tests will be made with several pilot to main burner fuel splits . The cut-in point 
of the main burner; once the engine has been started with the pilot burner, will 
also be investigated. Testing will be compatible with the design and construction 
requirements for transient engine operation as set forth in the Code of Federal 
Regulations of January Ij 1974, Subpart E, paragraph 33, 7 3, "Power or Thrust 
Response". The 5-second power or thrust response, stated in the reference is 
considered a goal for engine acceleration rate. Acceleration testing will proceed 
as a series of progressively more rapid accelerations, starting from a relatively 
gradual rate and approaching the goal "snap acceleration" rate. 
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APPENDIX A 

This appendix contains description of combustor configurations evaluated 
in Phase II of the Experimental Clean Combustor program. Only the configura- 
tions evaluated for pollution reduction are described. Not contained are con- 
figurations evaluated for diffuser performance, altitude relight, and carboning- 
durabilily performance. These will be contained in subsequent contractor and 
NASA reports. 

Vorbix Configurations 

Pratt & Whitney evaluated 11 vorbix combustor configurations to date. 

The baseline design is shown in figure 6. Configurations are described in 
table A-I. Airflow Splits are contained in table A-II. 

Hybrid Configurations 

Seven hybrid combustor configurations have been evaluated by Pratt & 
Wliitney. The baseline design is show in figure 7. Configuration descrip- 
tions are contained in table A-III. Airflow splits are contained in table A-IV. 

Double/Annular Configurations 

General Electric evaluated 14 double/annular combustor configurations. 
The baseline design is shown in figure 9. Configuration descriptions are con- 
tained in table A-V. Airflow splits are contained in table A-VI, 

Seven radial/axial combustor ctaifigurations have been evaluated by 
General Electric. The baseline design is shown in figure 10. Configuration 
descriptions ai’e contained in table A-VII. Airflow splits are contained in table 
A-viiL : ^ ■ ■ 
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TiBl£ A-I. - PHASE II VORBIX COMBUSTCH COEFICURAT! 


conriG. 

wo. 


MDDIPICATIQIIS 


BASELINE l^IGNt REFERENCED TO I^ASE I CONFIGURATION S;-10 
!• Threat amulax hol^t xeduced» 

2. Increased pilot burner volume - axial length increased 3«8 om« 

3* Reduce main bixmer orose-sectional areso 

Add cooling air scoops to throat; incoiporate improved nain burner 
noszle seating arrangement to eliminate liner-nozzle interference* 

1* Install alternating right and left hand main burner swirlers* 

2. Configuration S-13 - Utilize 7 (alternate) instead of 13 mein 
burner fuel injectors* 



1* Install low pressure drop fuel injectors in main burner* 
2* Configuration S-l5 * Utilize 7 (alternate) instead of 13 
burner fuel injectors* 


1* Add blockage rings to pilot swirlers* 

2* Dilution air added downs treain of main burner swirlers, 
3* Install oo-rotational s%rirlers in main buriier* 


Install aerating pilot nozzles in pilot fuel injectors. 


8-l8 I Pilot burner redesigned with increased volume* 

S-17 aerating pilot nozzles retained* 

Install pressure atomizing pilot nozzles* 

Increase pilot airflow so equivalence ratio is 0*8* 

8-21 I Nain burner fuel injection system redesigned* Premix passages prov- 


S-19 

S-20 


ided* 


PHASE II VORBUC TESTING STILL IN PROGRESS 




i 



1* Provide better separation between burning zones* 
2* Contain idle burning in pilot* 

3* Reduce main bximer residence time* 

U* Durability iiq>rovements* 


1* Enhance main burner quick mixing* 



Improve part power combustion efficiency* 

Optimize fuel injection system* 

Improve part power combustion efficiency* 

Optimize idle performance at design point fusl-air ratio* 
Iiiq>rove part po%ier combustion efficiency* 

Reduce quick quenching in nain burner* 

Fuel injection study* 

Increase pilot zone residence tine* 

Inqprove idle performance* 

Redxxse equilibrima CO values* 



Reduce NOx formation through premixed fuel preparation( 


* H 

















Pilot Swirler (SW) 

13.32 

13.37 

13.37 

13.37 

13.37 

1.94 

2.15 

Pilot SV/ Cool 

1.208 

1.21 

1.21 

1.21 

■a 

1.25 

1.39 

Main SW' ID 

25.91 

28.23 

28.23 

28.23 

28.23 

24.08 

28.06 

Main SW OD 

28.88 

26. 17 

26.17 

26.17 

26.17 

31.53 

28.85 


ID Dll 


CD Dll 


Main Nozzle Cool 


Bulkhead Cool 


Flnwall Cyl 


Flnwall ID 


Flnwall OD • 


ID Cool 


OD Cool 


Sldewull Cool 




4.05 


4.71 



0.95 

0.95 

0.95 

0.95 

1.14 

1.05 

2.688 

2.69 

2.69 

2.69 

2.69 

2.78 

3.09 

2.658 

2.29 

2.29 

2.29 

2.29 

2.23 

2.54 

1.249 

1.08 

1.08 

1.08 

1.08 

1.05 

1.19 

1.344 

1. 14 

1. 14 

hbhbd 

1.38 

1.37 

6.655 

7.76 

7.76 

7.76 

7.76 

7.37 

7.94 

10. 556 

9.70 

9.70 

9.70 

9.70 

10.86 

4.92 

4.914 

5 . 4 o 

5.40 

5 . 4 o 

5 . 4 o 

5.62 

5.75 


8.79 


10.26 


4.94 


10.8 


5.0 4.8 














































































































TiBI£ A-m* - PHASE II HIBRID CCMBTSTC^ CQNFIGURATICaBt FSATT A WHITHEY 


COOIC. 

no. MODIFICATIONS DBSIGK Um sm 


BASELINE DESIGNS REFERENCED TO PHASE I PHSHX AND SWIRL-CAN CONFIGURATIONS 
1« Premixed pilot from Phase I oonfiguzation P*3«^ 

H-1 2. Svirl-can main burner with outer swirler flameholders aiA fuel 

splashplate* 

3« Main burner diffuser inserts* 

Combine two Phase I combustor oonoeptst* low idle pollutants 
with the premix pilot burner; low NOx production with the 
swirl-can main b\xmer. 

H-2 Install counter rotating inner and outer main burner swirlers 

Enhance mixing and reduce NOx. 

1« Block outer flow path on main burner and add dilution air on the o»d« 
H-3 2. Provide staged loain burner fuel system. 

1* Reduce main burner residence time by quick quench. 
2* Ixxvestigate stciging of fuel at part power points* 

H-b Install pilot spray cone pilot fuel noszles. 

Fuel injection study* 

H-5 1* Install configuration H-1 with reduced pilot premix passage airflow* 

2* Increase current dilution airflow levels* 

1* Permit operation at pcirt and high power with reduced req- 
uired pilot fuel flow* 

2* Maintain pressure drop* 

H-6 Pilot dilution air eliminated and flow diverted to pilot premix 

passage and main bvimer bulkhead. 

Permit part and hi^ power operation with reduced pilot 
fuel flow; eliminate quick-quench eifeots* 

H-7 Install configuration H-6 with solid cone pilot nozsles 

Fuel injection study. 


IIYBRID TEST PROGRAM STOPPED AFTER CONFIGURATION H«7 
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TABLE A-IV. - HYBRID BURNER AIRFLOW SPLITS 


Location 


PUot F.H. 


Pilot F.H. Weep 


PUot F.H. Cool (I.D.) 
Main outer Sw. 


Main inner Sw. 


Bulk. Cool 


DUution I. D. 
DHution O. D. (1) 
DUution O. D. (2) 


H-1 

H-2 

18.14 

16.30 

4.85 

4.40 




24.00 24.50 


20.34 20.80 15.8 


3.94 4.00 4.4 


10.64 11.00 12.7 
'l5.7 


H-3 

H-4 

18.0 

18.0 

4.0 

4.0 

0.6 

0.6 


34.16 


15.8 18.85 


12.7 9.83 

15.7 ' 


12.46 12.46 


3.51 3.51 


18.85 18.85 


3.87 3.87 


9.83 9.83 


FinwaU (I.D.) 

0.82 

0.82 

1.0 

1.0 

0.73 

0.73 

0.73 

Finwall (O. D.) 

0.99 

1.00 

mis 

0.89 

0.89 

0.89 

I.D. Cool 

4.88 

5.00 

m^B 

4.50 

4.50 

4.50 

O. D. Cool 

6.30 

6.90 

5.6 

5.6 

5.99 

5.99 

5.99 

Side wall 

IQQH 

5.40 

5.5 

5.5 

4.72 

4.72 

4.72 





















































































TABLE A-V. - PHASE II DOaBlE/ANKOLAR COKBOSTCS) C(»FICDRATIOR, GBIERAL EI£CTRIC 


COTPIC. 

*0. MODIFlCATICaC DESIGN INTENT 


REFERENCED TO PHASE I BASELINE DESIGN D/A -II-I6 
1, Centerbody extended 3»‘*7 cm, 

D/a- 1 2, Install pilot ewirlere from I^ee X configuration III-2, 

3, Pxx>vide main burner dome dilution holes s 60 0 0,95 om diameter 

1, Provide better sheltering for idle burning, 

2, Best available from Phase I, 

3, Provide leaner main burning; approach design pressure loss. 

1, Install stronger pilot secondary svirlers, 

D/a- 2 2, Add mixing section (barrels) to main burner svirlers, 

3* Hove main burner dome aft cm. 

1, Injirove pilot fuel-air atooiization and mixing, 

2, Improve fuel-air mixing, 

3, Accomnodate No, 2; reduce dome to dilution length 20)(, 

1, Install higher flow primary and secondary air svirlers on main burner, 
d/a -3 Centerbody shortened to original length, 

3« Remove liner air dilution holes. 

1f2, Provide leaner main bximer mioture and burning, 

3, Provide leaner main burner; Improve idle perfoznanoe. 

1, Install new oilot burner noazle-swirler assembly - 60® axial secondary 
swirlerst 90^ simplex nozzles, 

D/A-I4 2, Reduce pilot burner liner coolant 33^* 

3* Modify main burner nozzle swirler - primary swirler imiHrsion decreased 
from ,89 to ,13 om; pressure atomizing fuel nozzles installed. 

1, Provide increased pilot burner cup air-fuel mixing, 

2, Eliminate excess coolant, 

3, Increase mixing within swirl-cup. 

D/a- 5 1* Add barrel extensions to pilot burner swirlers, 

2, Pilot burner dome and centerbody moved downstream 1,8 com. 

"" CO 

1, Promote mixing, cn 

2, Accommodate modifioation no, 1, 

D/a- 6 1, Add 120* ,056 cm dia, dilution holes to first pilot burner liner panel, 

2, Close main burner dilution holeSf put air through fir^t liner panel. 

1, Prodtice more favorable stoichiometry - reduce idle pollutants, 

2, Promote more effective mixing for NOx reduction. 

1, Enlarge pilot burner liner dilution holes 
D/a- 7 2, Primary and secondary swirlers from D/a 1,2 installed in main burner 

and liner dilution holes enlarged, 

3* Centerbody slotted in one location (3*8 long by 2,5 om vide). 

1, Optimise pilot design - reduce NO emissions, 

2, Improve main burner stability, 

3* Improve oross-fixe oharaoteristics. 

1, Pilot burner dilution holes moved from first to second liner panel, 
D/a- 8 2, Main burner dilution holes moved to fourth liner panel 

3, Install lower flow rate simplex fuel nozzles. Pilot burner nozzles 
reduced from 20 to 17 main burner xK>zzles reduced from 50 

to 20 kg/Kr, 

1, Reduce idle emissions, 

2, Achieve better ooi^ustor mechanical design 

3, Permit more variability in fuel staging. 

D/a- 9 1* Main burner fourth panel dilution holes closed, first panel holes j 

enlarged, j 

1, Produce more rapit main burner quenching. 

D/a- 10 D/A-7 nain burner configuration rebuilt. 

Determine if low NOx emissions of D/a- 7 can be rsporduced. 

D/A*11 1, Main burner dilution holes moved to fourth liner panel, 

2, On main burner, move 30 dilution holes located between swirl cups from 
first panel to second panel. 

1, Develop better combustor mechanioal design, 

2, Promote more effective mixing, evlove better msohanioal 
design. 


CONFIG 

NO, 


TABLE A-V. - DGOBLE/ANNULAB COHBCSTOR CONFICORATIONS oont 
MODIFICATIONS 


DESIGN INTBfT 


1« Main stage seoond panel dilution holes moved back to first panel 
D/a- 12 2* New pilot burner primary swlrlor/venturi installed 

3« Pilot burner secondary svirler flow area reduced by 17^« 

U* New pilot burner fuel nozzles installed j 

1* Second liner peinel location produced higher KOz levels* 

2* Design passed carboning tests and met altitude relight 
requirements* 

3* Design matches flow area of the Ihase III engine-combustor 
design* 

Design matches Phase III engine-combustor design* 

!• Main burner eSt profile trim holes in l|th liner panel closed and 
first liner panel dilution holes enlarged* 

1)/A*13 2« Thimbles added to main burner first panel dilution holes to increase 

diluent penetration* 

1f2* Obtain lower BOx values by better mixingt quenohing and 
leaner burning* 

1* Main burner Uth panel liner trim holes opened* 

2* Main burner liner thimbles removed* 

D/a-IU 3* Pilot burner liner dilution hole diameter increased from *67 cm to 

*71 cm* 

U* Pilot burner liner first panel coolant increased from 0*9 to 2*8 %* 

1* Provide more open area and lower pressure loss* 

2* Not practical for engine installation* 

3* Similate cooling airflow distribution of the lhase III 
engine -combus tor • 

Simulate Riase III engine -combus tor design* 

D/A-lUb Engine prototype fxasl nozzles installed on pilot burner stage* 

Simulate engine-combustor design* 


DOimLPrAinBTLAH TEST PROCBAM COKPlXm) FOB FmSK TT 



TABLE A-VI. • AIRFLOW DISTRIBUTIONS, ALL DOLIBLE/ANNULAR COMBUSTOR CONFIGURATIONS 


COiVriGURATION 


I OUTER SWIRL CUPS 

! Fuel Nozzle >'.rou 
i Primary Sv^;rlcr 
Secondary Swirler 


i INNER SWIRL CUPS 
I 

I Fad Nozzle Shroud 
I Primary Sairlcr 
I Secondary Suirler 


DILUTION 

Outer Liner, Panel 1 
Outer Liner, Panel Z 
Irificr l>>mv 
Lvier L*r.cr, Panel 1 
inner Liner, Panel Z 
inner Liner, Panel 4 


COOLiNC 

Outer Liner 
Outer Dome 
Centcrbotly 
Inner Dome 
Inner Liner 
Seal Lcakai;e 


01 D2 O) D4 D5 D6 D7 


.9 0.1 0.1 0.1 0 

.6 3.7 .3.6 3.5 3 

8.8 7.1 7.2 9.0 9.0 8.8 8.8 

13.2 11.6 11.7 12.8 12.7 12.4 12.5 


0.9 0.9 0.9 0.1 0.1 0.1 0.1 

3.5 3.6 9.5 9.6 9.6 9.3 3.6 

29.1 29.6 38 . 3 39.0 38.6 37.6 29.8 

33.5 34.1 48.7 48.7 48.3 47.0 33.5 


U8 D9 DIO Oil Dll DU DU 

D.(ign 


0 

0 

0 

0 

0 

0 

0 

14.9 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4.8 

4.9 

0 

0 

13.8 

17.5* 

18.7* 

16.9* 

17.3* 

13.7 

13.8 

0 

0 

0 

0 

0 < 

0 

0 

0 

0 

0 

0 

0 < 

28.6 

I3.S 

13.8 

17.5 

18.7 

21.7 

22.2 


11.2 

11.2 

11.2 

4.2 

4.2 

4.2 

3.1 

3.1 

3. 1 

3.9 

3.9 

3.9 

10.8 

10.8 

11.0 

1.4 

1.4 

1.4 

34.0 

34.0 

34.8 


7.7 7.9 7.6 7.5 8.2 8.0 8.1 

5.1 5.3 5.3 4.6 4.6 4.5 4.5 

3.9 3.9 4.0 4.1 4.0 3.9 4.0 

5.0 4.9 4.9 4.2 4.2 4.1 4.1 

8.4 8.6 11.4 11.6 11.5 II. I 11.3 

1.5 1.5 1.5 1.5 1.5 1.5 1.5 

31.6 32.1 34.7 33.5 34.0 33.1 33.5 


4.3 

10.9 

0 

0 

0 

0 

7.5 

20.5 


8.0 

8.1 

4.5 

4.5 

3.9 

4.0 

4.1 

4.1 

1.1 

11.3 

1.5 

1.5 

3.1 

33.5 


0.1 0.1 0.1 0.1 0.9 0 

3.6 3.6 3.6 3.6 5.2 5 

8.8 8.8 8.8 8.8 7.4 7.3 6.7 




12.5 

12.5 

12.5 

12.5 

13.4 

12.5 

12.2 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

3.6 3.6 3.6 3.6 3.5 3.5 3.2 

29.8 

29.6 

29.8 

29.7 

29.5 

29,3 

27.0 

33.5 

33.5 

33.5 

33.4 

33.1 

32.9 

30.3 

0 

0 

0 

0 

0 

0 

0 

4.7 

4.7 

4.7 

4.7 

4.7 

4.6 

4.9 

0 

0 

4.0 

0 

0 

0 

0 

10.9 

16.1 

10.9 

5.5 

10.8 

17.0* 

15.7 

0 

0 

0 

5.5 

0 

0 

0 

4.9 

0 

0 

4.9 

4.9 

0 

4.4 

20.5 

20.8 

20.5 

20.6 

20.4 

21.6 

25.1 

8.1 

8.1 

8.1 

8.1 

8.0 

8.0 

9.4 

4.5 

4.5 

4.5 

4.5 

4.5 

4.4 

4.1 

4.0 

4.0 

4.0 

4.0 

3.9 

3.9 

3.6 

4.1 

4.0 

4. 1 

4.1 

4.1 

4.1 

3.7 

11.3 

11.3 

11.3 

11.3 

11.2 

11.1 

10.2 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.4 

33.5 

33.4 

33.5 

33.5 

33.2 

33.0 

32.4 


« Thimbled Dilution Hole* 
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TABLE A-VIII. - AIRFLOW DISTRIBUTIONS, RADIAL/AXIAL-STAGED COMBUSTOR 





Configuration 



Engine 


R1 

R2 

- 

R3 

R4 

R5 

R6 

R7 

Design 

Pilot Cups 









Fuel Nozzle Shroud 

0.9 

0.9 

0.9 

0.1 

0.1 

0.1 

0.1 

0.8 

Primary Swirler 

3.2 

3.2 

3.2 

3.2 

3.9 

3.3 

4.1 


Secondary Swirler 

5.4 

8.0 

7.9 

7.9 

11.1 

9.5 

11.5 


Total 

9.5 

12.1 

12.0 

11.2 

15.1 

12.9 

15.7 

12.2 

Main Stage Flameholders 
Carbureted 

63.9 

16.9 

65.1 

65.6 

47.0 

17.7 

47.2 

50.0 

Uncarbureted 

0 

47.5 

0 

0 

0 

40.8 

0 

0 

Total 

63.9 

64.6 

65.1 

65.6 

47.0 

58.5 

47.2 

50.0 

Dilution 









Pilot Stage 

1 

0 

0 

0 

0 

0 

4.5 

5.5 


Inner Liner 

g 

0 

0 

0 

8.7 

0 

0 

2 . 0 * 

Total 

0 

0 

0 

0 

8.7 

4.5 

5.5 

6.5 

Cooling 









Pilot Stage 

11.1 

7.6 

7.5 

7.6 

9.3 

7.9 

11.4 

11.1 

Flameholders 

1.3 

1.3 

1.1 

1.1 

1.5 1 

1.1 

1.7 1 

1.4 

Outer Liner 

5.5 

5.6 

5.6 

5.7 

6.9 

5.9 

7.2 

6.7 

Inner Liner 

7.4 

7.5 

7.4 

7.5 

9.2 

7.8 

9.6 

10,7 

Seal Leakage 

1.3 

1.3 

1.3 

1.3 

1.6 

1.4 

1.7 

1.4 

Total 

26.6 

I 

23.3 

22.9 

23.2 

28.5 

24.1 

i 

1 31.6 

i 

31.3 


* Aft dilution for profile trinuiiing 


J Avtfc 
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APPENDIX B 

This appendix contains summaries of test rig data for all of the Pratt & 
Mliitney vorbix combustor configurations evaluated in Phase II of the Experi- 
mt^tal Clean Combustor Program. Eiata are presented in two groupings: 

1. Test Rig Data - In this section, data are presented as they were ob- 
tained in the test rig with one exception. In setting test point conditions, it 
was rarely possible to operate precisely at the design point fuel-air ratio. 
Thus, when more than fuel-air ratio was investigated at a test condition, the 
general procedure used was to plot the emissions against fuel-air ratio and 
determine emission levels at the design point fuel-air ratio by interpolation. 
When only one fuel-air ratio was investigated at a test condition, emission 
levels at that value are reported. 

2. Data Corrected to Engine Pressures - Correlations which were used 
to extrapolate test rig data to engine conditions are contained in the Data 
Correlation Procedures section of the report. Calculatims of EPAP values 
were made according to the procedures described in the EPAP CalculaticHis 
section of the report. 


I 


I 
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APPKNDH B-1 

P 4 W VCRBII COMBUSTOR DATA, CONFIGURATION S-11 


TEST RIG DATA 


EICINE 

j IDLE 

- CONDITION 

BLED 


3EADIMG 




•FUELING 

MODE 


PILOT 

ONLY 


INLET 

PRESSURE 

ATOo 

2.9U 

FUEL-AIR 

RATIO-PILOT 

.0126 

FUEL-AIR 
. RATIO-TOTAL 

.0126 



CLIMBOUT 

TAKE-OFF 

CLI-1 

TO.-l T0.-2 T0.-3 TO.-U T0.-5 T0.-6 

PILOT 

PILOT PILOT PILOT PILOT PILOT PILOT 

St 

St St St tt ^ ^ 

MAIN 

MAIN MAIl MAIN MAIN >>AlN MAIN 

6.75 

6.01 6.72 6.78 6.71 6.85 6.77 

.00U2 

.0032 .0036 .00U7 .0056 .0065 .0072 

.0206 

.0217 .0193 .0193 .0215 .0192 .0216 


CRUISE 




THC- -E.I 


SMOKE NO. 


COMBUSTION 

EFFICIENCY 99.1 99.2 99.6 99.3 99.2 99.0 99.7 99.8 99.9 99.8 93.U 


ZATTERl? 

. FACTOR 

CO - EPAP 
CONTRIBUTION 



0.27 


6.19 1.77 0.97 2.66 p.U6 1.39 0.U9 0.32 o .22 0.29 


0*^ O.lli O.ou 0.16 0.21 0.10 0.01 -0- 0.01 0.01 

CONTRIBUTION 


2. DATA CORRECTED TO ENGINE PRlSSURES 


6.0 23.0 11. 


THC - 



CCMBUSTION 
EFFICIENCY 99.1 


CO - EPAP 
CONTRIBUTION 


THC - EPAP 
CONTRIBUTION 




99.6 

99.7 99.U 99.9 100 100 100 

1.56 

0.16 0.8^ 0.18 0.08 o.Oii 0.07 

0.06 

0.07 0.03 O.OI* -0- .0- -0- 

1.27 

0 . 6 U 0.60 0.63 0.67 o.6? 0,70 




CONTRIBUTION 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 



























































I 
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APPEKDIX B -2 

P & W VORBIX COHBDBTOR DATA, CONPIGURATIOMS S- 12,13 


l-EST RIG DATA 


HIGINE 
QHBIIION 


? 3 ADIMG 



JUEL-AIR 

RATIO-PILOT 


f'UiSL— AIR 
RATIO-TOTAL 


IDLE 

BJED 

APra. 

CLIMBOUT 

1 

TAKE-OFF 

1-1 

APP -1 

IIII2QI 

TO -1 TO -2 TO -3 TO- 1 * TO -5 TO -6 TO -7 

PILOT 

ONLY 

PILOT 

ONLY 

PILOT & 
7 MAIN 
INJ. 

PILOT PILOT PILOT PILOT PILOT PILOT PILOT 
&&&&&&& 
MAIN MAIN MAIN MAIN MAIN 7 /H 7 /l 1 

main main 

2.92 

6.81 

6.73 

6.76 6.79 6.82 6.81* 6.86 6.81 6.81 

.0121 

.0130 

.0060 

.0036 .001*6 .0050 .0058 .0073 .0050 .0088 

.0121 

.0130 

.0192 

.0216 .0222 .0215 .0219 .0222 .OI69 .0221 


NO CRUISE DATA 



SNOiiCB NO. 


CQKBUSTION 

efficiency 99.0 99.8 99.1^ 


0.1*6 


6.19 0.51 2.1*8 


0.33 0.03 0.10 


DATA CORRECTED TO ENGINE PRES 


THC - EPAP 
COOTRIBUTION 


98.3 

98.7 

98.5 

99.0 

99.2 

99.U 

99.5 



— 

*^ 0 . 1*9 

— 

— 

0 .U 9 

— 

2.37 

2.13 

2 . 1*6 

1.62 

1.32 

0.83 

0.80 

0.16 

0.06 

0.05 

0.05 

0.03 

O.Ol* 

0.02 





COMBUSTION 

EFFICIENCY 


CO - EPAP 
CONTRIBUTION 


:iOx - EPAP Q 




99.9 

99.7 

98.9 99.1 99.0 00 . 1 * 99.5 99.7 99.8 

0.23 

1.1*2 

1.69 1.1*9 ■'.78 1.05 0.80 0.1*1 0.39 

0.02 

0 . 01 * 

0.05 0.02 0.02 0.01 0.01 0.01 0.01 


1.31 

a.61* 0.61* 0.62 0.69 0.76 0.65 0.89 
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APPENDIX B -3 

P & W VORBIX COMBUSTOR DATA, COHPIGURATIoNS S- 11 +,l 5 


TEST RIG DATA 


?jADING 

NUHBbH 


PUELINO 

NODE 


■INLET 
I^IESSDBE 
ATM, 


SAME PILOT S-12,13 


NO CLIMB. 

MTA 



TAKE-OFF 

TO -1 

TO -2 

TO -3 

T 0 - 1 + 

TO -5 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

& 

& 

& 

& 

& 

MAIN 

MAIN 

MAIN 

7/11 

M«T1J 

|/11 

6.71 

6.81 

6.75 

6.76 

6.76 


NO CRUI 
• DATA 



.00142 .0058 .0090 .001+1 .0058 


.0223 .0219 .0223 .0220 .0219 


COMBUSTION 

EFFICIENCY 


FACTOR 

00 - EPAP 

COathIButIOW 



CORRECTED TO ENGINE P 


COMBUSTION 

EFFICIENCY 



:iOx - EPAP 
COmiBUTION 




98.6 99.5 99.6 97.9 98 . 1 + 


1.97 0.63 0,62 2.98 2.53 


0.12 0.01 0.01 0.16 0.09 




99.2 

99.8 

99.8 

98.6 

98.9 

1 . 3 U 

0.27 

0.26 

2 . 21 + 

1 . 81 + 

0 . 01 + 

0.01 

G .01 

0.05 

0.03 

0.81 

0.89 

1.18 

0.55 

0.65 
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APPEMDIX B-4 

. P & W VORBIX COMBUSTOR DATA, CONFIGURATION S-16 


TEST RIG DATA 


ENGINE 

CONDITION 

IDLE 

bled 

NO APPROACH 
DATA 

NO CLIMBOUT 
DATA 

TAKE-OFF 

NO CRUISE DATA 

?£ADING 

NUMBER 

1-1 



TO-1 TO-2 TO-3 TO-U TO-5 


FUELING 

MODE 

PILOT 

ONLY 



PILOT , PILOT PILOT PILOT PILOT 
& & & & & 
MAIN MAIN MAIN MAIN MAIN 

• 

INLET 

PRESSURE 

ATM. 

2.93 



6.67 6.77 6.8i| 6.73 6.66 

• ' 

FUEL-AIR 

RATIO-PILOT 

.0126 



.0052 .0056 .0066 .0075 .0097 


FUEL-AIR 

RATIO-TOTAL 

.0126 



.0220 .0162 .0192 . 022 U . 021 U 


CO - E.I. 




26. L 10.6 13.0 22.6 W7T~ 


THC -E.I. 

L.0 



6.5 0.3 -0- 0.2 -0- 


NOv - E.I. 

3.^ 



1 K 9 1271 IL.O 1ii.6 13.6 


SMOKE NO. 






COMBUSTION 

EFFICIENCY 

98.5 



99.3 99.7 99.7 99.5 99.8 


PATTERN 
_ FACTOR 

0.29 



0,80 


CO - E^AP 
CONTRIBUTION 

10.6 



1.09 O.Ul* 0.5U O. 9 I 1 0.36 


THC - EPAP 

CONTRIBUTION 

0.2- 



0.02 0.01 -0- 0.01 -0- 


DATA CORRECTED TO 

ENGINE PRESSURES : 

_ CO - E.I. 

61^ 



IL.7 3.6 5.1 11.8 


„ THC - E.I. 

1.0 





_ ::0v - E.I. 

3*0 _ 



IyIl 21.5 22.8 22.7 22.L 


COMBUSTION 
EFFICIENCY 
. % 

98.5 



99.6 99.9 99.9 99.7 99.9 


CO - EPAP 
CONTRIBUTION 

10.6 



0.61 0.15 0.21 0 .U 9 0.10 

\ 

THC - EPAP 
_ CONTRIBUTION 

0.17 



0»01 —0— — O— —0— 

f 

X 

. _ . ■ • si» 

NOx - EPAP 
CONTRIBUTION. 

0.51 



0.72 0,89 0.95 0.9i* 0.93 


4» 
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• 

APPENDIX B -5 

P & W VORBIX COMBUSTOR DATA, CONFIGURATION S- 1 ? 

I 

1 . TEST RIG DATA *i 

* ^ 

ENGINE 

- CONDITION 

IDLE 

BLED 

I 

APHtOACH 

CLIMBOUT 

TAKE-OFF 

NO CRUISE DATA 

READING 

liUMKIR 

1-1 

APP -1 

CL -1 

TO -1 TO -2 TO -3 TO-li TQ -5 TO- 6 ' 

1 

FUELING 

NODE 

PILOT 

ONLY 

PILOT 

ONLY 

PILOT 

ONLY 

PILOT PILOT PILOT PILOT PILOT 

PILOT & & & & & 

ONLY main main MAIN MAIN MAIN 

1 

1 

INLET 
I^R 8 S UkE 
ATM, 

2.93 

6.80 

1 

6.71 

1 

6.78 6.82 6.75 6.81 6 . 8 U 6.80 

1 

FDEL-AIR 
- RATIO-PILOT 


.0136 

.0198 

.0215 .0022 .00U2 .005U .0075 .0098 

i 

9 

FUEL-AIR 
. RATIO-TOTAL 

HQ 

.0136 

.0198 

.0215 .0220 .0220 .0217 .0224 .0217 

4 

CO - E.I. 

EEIVSI 

1‘^.7 

. .. 8 . 2 . 

7 ^ 3 _ ft 9.7 2 ^ot 20.5 11.9 


THC -E.I. 

mm 

O.L 

0,h 

0.6 10.9 1.1 0,7 0^5 0.2 

1 

;iOv - E.I. 

mEM 

LJ. 

6.8 

7 .L LJ 11.3 12.5 1 It .7 15.7 




■bbsh 




COMBUSTION 

EFFICIENCY 

98.6 

99.6 

99.8 

99.8 97.0 99.1 99.3 99.5 99.7 

i 

lATTERl? 
— FACTOR 

0.30 

— 

— — 


i 

CO - EPAP 

_ CONTRTBUTION 

9.$6 

1.07 

0.87 

0.30 3.U2 1 . 1+5 1.01+ 0.85 0.1+9 

; 

raC - EPAP 

CONTRIEUTIO!; 

0.22 

0.03 

o.ou 

0.02 0.1+5 0,05 0,03 0.02 0.01 


2 . data CORRECTED TO ENCinS rRECi'CRSS: 

_ CO - E.I. 

E6RI 

9.^ 

0.^ 


- 

_ TKC - E.I. 

nil 

mmm 

0.2 



_ :iot - E.I. 


■DiiiB 

10,^ 



COMBUSTION 
EFFICIENCY 
— - ^ . 

98.6 

90.8 

100 

100 98.2 99.5 99.7 99.7 99.9 


CO - EPAP 
CONTRIBUTION 

9.55 

0.65 

0.03 

-0- 2.65 0.90 0.57 0.1+3 0.18 

1 

THC - EPAP 
_ CONTRIBUTION 

0.22 

0.02 

0.02 

0.01 0.15 0.01 0.01 0.01 -0- 


NOx - EPAP 
CONTRIBUTION. 


0.29* 

.1.10 

0.1+8 0.53 0.1+7 0.52 0.61 0.65 

_ ; 

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
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P & W VORBIX COMBUSTOR DATA, CONFIGURATION S-18 
1. TEST RIG DATA APPROACH, CLIMBOUT AND TAKEOFF DATA •: 

IKSSHH 

IDLE 

bled 

APPROACH 

CLIMBOUT 

TAKE-OFF 


READING 

NUMBER 

1-1 

APP-1 APP-2 APP-3 APP-1+ 

CL-1 

TO-1 TO-2 TO-3 T0-[+ TO-5 

• 

FUELING 

MODE 

pilot 

ONLY 

PILOT PILOT PILOT PILOT 
& St & St 

MAIN MAIN MAIN MAIN 


PILOT PILOT PILOT PILOT PILOT 
St St St St St 

MAIN MAIN MAIN MAIN MAIN 

1 

i 

INLET 

T^tESSURE 

ATMo 

2.93 

6»88 6«80 6«91i 

6.82 

6.81 6.80 6.81+ 6.90 6.76 

• 

FUEL-AIR 

RATIO-PILOT 

.0126 

.0027 .0055 .0081 .0107 

.0030 

.0032 .001+2 .0053 .0073 .0097 

i 

FUEL-AIR 

RATIO-TOTAL 

.0126 

.0131+ .0137 .0133 .0131+ 

.0201 

.0218 .0216 .0215 .0217 .0217 

i 

• 

M 

• 

o 

RSiRB 

95, fl 19. S 18-8 


3k.9_ 27.5 22.7 12.5 8.2 


TEC -E.I. 

mwm 

iii.S 1.9 O.li IJ1 

0..9. 

0.8 O.k 0.3 0.1 0.1 _ 


iiOv "* E • I • 

■pn 

S.7 7,^ 7.^ 6.1i 

10^ 

12.7 1k.5 16.1 16.1 1k.9 


SMOKE NO. 









COI4BUSTION 

EFFICIENCY 

98.2 

9h^3 99.2 99.5 99.U 

99.3 

99.1 99.3 99.k 99.7 99.8 


PATTERN 
_ FACTOR 


0.79 

— 

0.78 

1 

« 

CO - EPAP 

, CONTRIBUTION 

12.01+ 

U.57 1.76 1.32 1.28 

2.63 

1.1+k 1.1k 0.9k 0.52 0.3k 

1 

■ 

IBC - EPAP 
CONTRIBUTION 

0.21 

2.82 0.13 0.03 0.10 

0.10 

0.03 0.02 0,01 -0- -0- 


DATA CORRECTED T 

0 ENGINE PRESSURES: 


CO - E.I. 


63.3 23.1 16.8 16.5_ 

iJ,.5 

21.8 15.7 12.0 k.8 2.2 


.. TEC - E.I. 

1.2 

33vk 1.5. 0.3 1.1 

Q.'< 

0.3 0.1 0.1 -0- -0- 


.iOy — 



11. -t; 

20.2 22.9 25., 5 2k-8 23.9 


COMBUSTION 

EFFICIENCY 

- 


95.2 99.3 99.6 99.5 

mm 

99.5 99.6 99.7 99.9 100 


CO - EPAP 
CONTRIBUTION 

12.02 

I+.32 1.58 1.15 1.13 

1.5k 

0.90 0.65 0.50 0.20 0.09 


THC - EPAP 
CONTRIBUTION 

0.21 

2.28 0.10 0.02 0.08 

o.ok 

0 

• 

0 

0 

• 

0 

h> 

1 

h, 

1 

1 

0 

1 


NOx - EPAP 
CONTRIBUTION. 

OmU^ 

0.25 0.1+8 0.1+8 0.1+1 

1.5k 

i 

0.8k 0.95 1.06 1.03 0.99 

1 

i 
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^ APPEaCC 

VORBIX CONPIGURATI 


I 

i 

i 

j 


It 


•. TEST RIG DATA 


DCINE 
— CONDITION 

CRUISE 


HEADING 

ITDMBER 

CR -1 CR -2 CR -3 


PURLING 

MODE 

PILOT PILOT PILOT 
& & & 
MAIN MAIN MAIN 


• INLET 
PRESSURE 
ATMo 

6.81 6.8l 6.8l 


PUEL-AIR 

PATIO-PILOT 

.0050 .0059 .0069 


FUEL— AIR 
. RATIO-TOTAL 

.0201 .0201 .0200 


CO - E.I. 

21. ^ 17.3 1^.1 

bhhhhhi 

THC -E.I. 

0-3 0.1 


NOv - E.I. 



■KUisiisoKisSBH 



COMBUSTION 

EFFICIENCY 

99.5 99.6 99.6 


PATTERS 
_ FACTOR 

— — — 


CO - EPAP 
CONTRIBUTION 

— — — 


IHC - EPAP 
CONTRIBUTION 

— — — 


DATA CORRECTED TO ENGINE PRESSURES: 

CO - E.I. 

17.9 1U.0 11.9 


_ THC - E.I. 

■0B^EI9BEIi9i 



13.0 12.8 13.9 


COMBUSTION 

EFFICIENCY 

99.6 99.7 99.7 


CO - EPAP 
_ COlWRIBUTION 




■ THC - EPAP 
_ CONTRIBUTION 







• 


COMBUSTOR INLET TEMPERATURE AND 



VELOCITY AT NOMINAL ENGINE CONDITIONS 


















APFI 

P & W VORBIX COMBUSTOI 




TEST RIG DATA 


ENGINE 

CONDITION 

IDLE BLED 

... 

TAKE-OFF 

f 

BEADING 

NUMBER 

1-1 

TO-1 


FUELING 

MODE 

PILOT 

ONLY 

PILOT 

& 

MAIN 


INLET 

PRESSURE 

ATM, 

2.97 

6.86 


FUEL-AIR 

RATIO-PILOT 

.0126 

.0078 


FUEL— AIR 
RATIO-: OTAL 

.0126 

.0228 


CO - E.I. 

6l.O 

10.6 


THC -E.I. 

Q.3 

. 0.2 


uOy • E • I • 

1.2 



SMOKE NO. 




COMBUSTION 

EFFICIENCY 

98.5 

99.7 


IATTERI*' 

- PACTOR . 




CO - EPAP 

CONTflBU^'ICN 

10,8]+ 

0.1+1+ 


THC - EPAP 
CONTRIBi:: lON 

1 0 , 01 ^ 

0.01 


C. DATA CORRECTED TO •OIL'S PRESOrRES: 


_ CO - E.I. 

61.0 



^ THC - E.I. 

0.1 

__ 0^1 _ 


::0y - E.I. 

'_2.7 " 



COMBUSTION 

EFFICIENCY 

5b 

98.5 

1 

99.9 


CO - EPAP 
_ CONTRIBUTION 

10.9U 

0.15 


THC - EPAP 
_ CONTRIBUTION 

0.01+ 

0.003 


NOx - EPAP 
CONTRIBUTION. 

0.1+6 

1 

1 

1 

1 

1 

• 


CCMBUSTOR INLET TEMPERATURE AND 
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APPENDIX B-8-a 

P t W VORBIX COMBUSTOR DATA, CONFIGURATION S-20 


- . TEST RIG DATA 



IDLE 

BLED 

IDLE 

UKBLED 

APPROACH 

CLIMBOUT 

TAKE-OFF 1 

ESADING 

number 

1-1 

1-2 

APP-1 

APP-2 APP-3 APP-U APP-5 

CL-1 

CL-2 

TO-1 

TO-2 

TO-3 

TO-R 

•FUELING 

MODE 


PILOT 

ONLY 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

it 

7/11 

MAIN 

PILOT 

it 

7/11 

MAIN 

PILOT 

& 

7/11 

MAIN 

PILOT 

& 

MAIN 

PILOT 

it 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT * 
& 

MAIN . 

• INLET 
* PRESSURE 
ATM. 

2.9U 

3.76 

6.75 

6.83 

6.82 

6.82 

6.80 

6.78 

6.77 

6.83 

6.85 6.83 

6.79 

PUEL-AIR 

RATIO-PILOT 

BS 

.0103 

.0070 

0 

0 

• 

.0062 

.0069 

.0105 

.OORI 

.0076 

.0022 

.0033 

.0014+ 

• 00144. 

FUEL— AIR 

RATIO-TOTAL 

.0126 

.0103 

.01I42 

.OII4.O 

.0130 

.0139 

.01I4.0 

.01 9U i0205 

ON 

0 

CM 

0 

0 

4O213 

.0215 

.0215 _ 

GO - E.I. 

1^13! 

W 3 m 

16.5 

11.8 

25.R 

19.5 

_9.9 

UJM 

mwm 

63.7 

j,3.o 

29.Q 

21-Q - 

THC -E.I. 



__0.'8 

J).2._ 

k.8 

2.7 

O.k 

_D.7 

-0- 

12.k 

1*9 

Q,)| 

0,2 

NOy - E.I. 

■ga 


5.9 

9.k 

5.2 

5.9 

9.6 

- 8.1 _ 

10.7 

8.3 

fi.a 

9.6 . 

10,6 




PiPWi 

H— 

BB9I 

bbi 

BB9 

pppm 

PWW 


2* 

J). 


COMBUSTION 

EFFICIENCY 

98.3 

99.0 

99.5 

99.7 

98.9 

99.3 

99.7 

99.U 

99.8 

97.3 

98.8 

99.3 

1 

99.5 ■ 

2ATTERR 

_ factor 

O.UO 

— 

0.U9 

— 

— 

0.33 

— 

0.63 

— 

— ... 


0.66 


■psai 

7.95 

5.01 

1.13 

0.80 

1.73 

1.33 

0.68 

2.39 

0.79 

2.6k 

1.78 

1.20 

i 

0.87 


1.10 

0.65 

0.05 

0.01 

0.32 

0.18 

0.03 

0.07 

-0- 

0.51 

0.08 

0.01 

0.01 j 

DATA CORRE 

CTED TO ENGIN 

E PRESSURES; 

! 

„ GO - R.I. 


ium 

inM!i 

9*7 

22.6 

17.0 

7.9 _ 

12.6 

2.1 

LA.fl 

28.7 

_1Y.Q_ 

1Q.7 ■ 

THC - E.I. 


L^5 

0.6 

0.2 

3.8 

2.2 

0*? 

-0.^ 

-0- 

k.Q 

0.6 

0.1 

Q.1 ■ ' 

NOv - E.I, 

■na 

HBflaii 


8.6 

5.0 

5.6 

9 J) 

iim 

BdCI 

\mm 

_n.7 . 

1k*6 

13*7 ‘ 

C'^MBUSTION 

IGLG?ICY 

98.3 

99.0 

99.6 

99.8 

99.1 

99.U 

99.8 

99.7 

100 

98.5 

99.3 

99.6 

i 

99.7 J 

CO - EPAP 
CONTRmU ION 

7.97 

U.66 

0.96 

0.66 

1.5k 

1.16 

0.5U 

1.35 

0.23 

1.9k 

1.19 

0.70 

O.kk i 

• THC - EPA? 

jR'T- ,:-,r?iON 

m 


0.01 

0.01 

0.26 

0.15 

0.02 

0.03 

-0- 

0.17 

0.03 

0.005 0.003 i 

CONTRIBUTION. 

0.51 

0.69 

0.37 

0.59 

,0.3k 

0.38 

0.61 

1.22 

1.59 

0.5k 

0.57 

0.61 

0.57 j 
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APPEaJDIX B-8-b 

VORBIX CONPIGDRATION S-20 CONTINUED 


. TEST RIG DATA 


TAKEOFF 


TO-6 


SALINE 

CONDITION 


heading 

NUMBER 


FUELING 

MODE 


INLET 

PRESSURE 

ATM, 


FUEL-AIR 

RATIO-PILOT 


FUEL— AIR 
RATIO-TOTAL 


GO - E.I. 


THC -E.I. 


NO^ - E.I 


COMBUSTION 

EFFICIENCY 


pattern 
factor 

CO - EPAP 

CCNTRIBUTION 


THC - EPAP 
CONTRIBUTION 



6.95 


.0077 


.0229 



CRUISE 

CR-1 

CR-2 

CR-3 

CR-U 

CR-5 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

& 

& 

& 

& 

& 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

6.81 

6.80 

6.82 

6.90 

6.78 

.oouo 

.001|5 

.0061 

.0077 

.0082 

.0205 

.0205 

.0206 

.022U 

.0206 

— 30 ..&.. 
0.1 
Tag . 

0.9- 

-J.a- 

19.9 

20 .^ 

■ .ga^. 
_2*3_ 

lA. 

...rg-- 

-IgaP- 

99.2 

99.2 

99.6 

99.5 

99.8 

— 

0.63 

— 

— 

— 


0.U3 


o.oou 


• DATA CORRECTED TO ENGINE PRESSURES 


- E.I. 


THC - E.I. 


! COMBUSTION 

EFFICIENCY 

^ 

1 

99.9 

CO - EPAP 
CONTRIBUTION 

O.lii 

THC - EPAP 
CONTRIBUTION 

0.001 

NOx - EPAP 
CONTRIBUTION. 

0.76 
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APPENDIX B -9 


DT,-.- 


P & W VORBIX COMBUSTOR DATA, CONFIGURATION S -21 


. TEST RIG DATA 


:nuine 

:omiiON 

IDLE 

B 1 £D 

IDI£ 

UNBLED 

APPROACH 

NO CLIMB. 
DATA 

TAKE-OFF 

NO CRUISE DATA, 

PEADING 

.rOMBER 

ID -1 

ID -2 

APP -1 APP -2 APP -3 


TO -1 TO -2 TO -3 TO- 1 * 


PUllIilMG 

NODE 

PILOT 

ONLY 

PILOT 

ONLY 

PILOT PILOT PILOT 
Sc & & 

MAIN MAIN MAIN 


PILOT PILOT PILOT PILOT 
& & & & 
MAIN MAIN MAIN MAIN 


INLET 

IRESSURE 

ATM. 



6.80 6.60 6.78 


6.72 6.82 6.78 6.82 


FUEL-AIR 

HATIO-PI.T>T 

,0126 

.0107 

.0058 .0075 *0102 


.0031 .001*1 .0069 .0075 


FUEL— AIR 
RATIO-TOTAL 


.0107 

.OlUO ,0130 .011*2 


.0227 4O225 .0227 .0223 


CO - E.I. 

IKRSI 

mmm 

21.1 


Qo-Q lil.l lli .7 12.3 


THC- -E.I. 

wem 

. ' 1.8 i 





,'j - E«I* 

■Ka 

... 1.6 ^ 



7 . 1 i 9.3 13.3 1L.1 ! 


■MOKE NO. 

PliiiV 

BH 9 H 


■■■■III 

■■■■■■■■■|■| 


COMBUSTION 

EFFICIENCY 

% 1 

98.7 

99.1 

95.7 97.9 99.2 


95.0 98.8 99.6 99.7 

! 

BATTERR 

FACTOR 

0.39 

j 

0 .U 5 


.... 


CO - EPAP 

OONTRIBUTION 



3.92 2 . 1*2 1.58 


l*.11i 1.78 0.61 0.51 


THC - EPAP 
CONTRIBUTION 

--L- ‘ rzx- - — g— 



2.03 0.85 0.18 

' - .._.j 


1.10 0,07 0.03 0.02 

_r 


. DATA CORRECTED TO ENGINE PRESSURES: 

- ? ^ -| i.l.ll II. . ■I,,. I I ■ . II — 


CO - E.I. 


wstm 



_ 7 Q ^5 28.7 6-2 J|.6 


THC - E.I. 

mm 




8-1* 0-6 0-2 0-1 


:iOv - E.I. 

mm 

mm 

Lm 6.6 


11-6 ll|-Q 20..0 21 -J| 


COMBUSTION 

EFFICIENCY 

.. 

98.7 

99.2 

96 . 1 * 98.3 99.3 


97.3 99.3 99.8 99.9 


CO - EPAP 
CONTRIBUTION 

7 .U 0 

U.76 

3.67 2.18 1.39 


3.29 1.19 0.26 0,19 


THC - EPAP 
CONTRIBUTION 

0.55 

0.29 

1,62 0,66 0,11* 


0,35 0.02 0,01 0.01 


NOx - EPAP 
CONTRIBUTION. 

0 . 1*8 

0.57 

0.29 0.37. 0 . 1*5 


0.1*8 0.58 0.83 0.89 





COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENCIIffi CONDITIONS. 
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APPENDIX C 

This appendix contains summaries of test rig data for all of the Pratt & 
Whitney hybrid combustor configurations evaluated in Phase II of the Experi- 
mental Clean Combustor Program. Data are presented in two groupings: 

1. Test Rig Data - In this section, data are presented as they were ob- 
tained in the test rig with one exception. In setting test point conditions, it 
was rarely possible to operate precisely at the design point fuel-air ratio. 
Thus, when more than fuel-air ratio was investigated at a test condition, the 
general procedure used was to plot the emissions against fuel-air ratio and 
determine emission levels at the design point fuel-air ratio by interpolation. 
When only one fuel-air ratio was investigated at a test condition, emission 
levels at that value are reported. 

2. Data Corrected to Engine Pressures - Correlations which were used 
to extrapolate test rig data to engine conditions are contained in the Data 
Correlation Procedures section of the report. Calculations of EPAP values 
were made according to the procedures described in the EPAP Calculations 
section of the report. 
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APPBNDU C-1- 

P & W HYERID COMBUSTOR DATA, CONFIGURATION H-1 


1. TEST RIG DATA 


HEADING 

irUMBER 


FUELING 

MODE 


INLET 

PRESSURE 

ATM, 


FUELr—AiR 

RATIO-PILOT 


TUET" 

BLED 

TAKE-OFF 

I-l 

TO.-l TO. -2 TO. -3 TO.-U 

PILOT 

ONLY 

PILOT 

ONLY & & & 

MAIN MAIN MAIN 

2.96 

6.80 6,80 6,81 6.7U 

.0126 

.0155 .001*6 .0056 .0068 

,0126 

.0165 .0211* .0215 .0215 


DATA NOT OBTAINED AT APPROACH, CLIMB, CRU3 


SMOKE NO. 


COMBUSTION 

EFFICIENCY 




98,8 99.8 95.9 97.U 


1.33 


2ATTER1? 

.. FACTOR 

CO - EPAP 
_ CONTRXBDTION 


THC - EPAP 
CONTRIBUTION 


BATA CORRECTED TO ENGINE PRESSURES 


0 - E 


CCKBUSTION 


EFFICIENCY 

_ % 

98.8 

100 

98.3 

99.0 

99.8 

CO - EPAP 
CONTRIBUTION 

2.27 

0.01 

I.UO 

0.79 

0.06 

TEC - EPAP 
CONTRIBUTION 

i.5o 

0.02 

0.39 

0.25 

0.08 

NOx - EPAP 
CONTRIBUTION* 

0,50 

1.U9' 

0.56 

0.61 

0,66 


CCraUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS 
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APPENDIX C-2 

P & W HYBRID COMBUSTOR DATA, CONFIGURATION H-2 



1. TEST RIG DATA *i 



n>i£ 

BI£D 

APPROACH 

CliXMBOUT 

TAKE-OFF 

NO CRUISE DATA . ' 

READING 

NUMBER 

1-1 

APP-1 APP-2 

CL-1 

TO-1 TO-2 TO-3 

• * 

FUELDK} 

MODE 

PILOT 

ONLY 

PILOT PILOT 
& & 
MAIN MAIN 

PILOT 

& 

M/iIN 

PILOT PILOT PILOT 
& & & 
MAIN MAIN MAIN 

I 

1 

INLET 

PRESSURE 

ATM, 

2.95 

6.76 6.73 

6. SO 

6.96 6.86 6.89 

i 

i 

FUEL-AIR 

BATIC-PILOT 

.0126 

.0068 .010U 

.0072 

.001+1+ .0055 .0079 


FUEL— AIR 

ratio-total 

.0126 

.0135 .0132 

.0201+ 

CD 

CM 

CM 

O 

• 

CM 

CM 

O 

• 

r- 

CM 

O 

• 


CO - E.I. 

■nu 





rac --E.I. 

0.9 

HRISIWsHSin 

1.5 . 



_ kOy • E # I • 

k.Q. 

1 8 

7.0_ : 

11.7 J 1.7. 9.7._ 


SMOKE NO. 






COMBUSTION 

EFFICIENCY 

99.7 

67.0 70.0 

99.0 

96.2 99.7 99.7 


SATTERN 
- FACTOR 

I.k9 

L 

— 

— — 0.1+1+ 


CO - EPAP 

„ CONTRIBUTION 

1.98 

7.61 2.97 

3.0U 

2.1+3 0.50 0.1+3 


TEC - EPAP 

CONTRIBUTION 

0.15 

20.1+6 19.7U 

0.37 

0.77 0.02 0.02 



DATA CORRECTS D TO ENGINE PRESSURES; 



IBSEHSBHBHIIHI 

nmi 



J..5 



smi 

■XIITXIW 

.1.3. 

6.1 6.2 0.2 . 

. i 


I.S 1 

2 ^ li-2 1 

10, 3_ 

18.3 17.3 11i.6 . 


COMBUSTION 

EFFICIENCy 



99.5 

98.1+ 99.9 99.9 

i 

00 - EPAP 

^ CONTRIBUTION 

2.01 1 

7.30 2.73 

1.87 

1.76 0.19 0 . 11 + 


THC - EPAP 
_ CONTRIBUTION 

0.15 

16.30 15.62 

0.11+ 

0.25 0.01 0.01 


NOx - EPAP 
CONTRIBUTION. 

0.61 

0 . 11 + 0.28 

1,10 • 

0.76- 0.72 0.60 



CCMBUSTOR INLET TEMPERATURE AND REFEREIJCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
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APmiDIX C -3 

P & V HYBRID CGKBUSTQR DiTA, COMFIGDRATION H >3 


1 . TEST RIG DATA 





HZADIIK} 

inJMBER 


FOELOG 

MODE 


IlILET 

pressure 

ATM. 


iT 3 EL-AIR 

HATIO-PILOT 


FUEIi~AlR 

RATIO-TOTAL 




APIROACH 


TAKE-OFF 


1-2 APP -1 APP -2 APP -3 TO -1 


MAIM 


PILOT 
MLY I OKLY 


5 




COMBUSTION 


‘ lATTERB 

I lACTOR 

CO - EPAP 
CONTRIBDTION 


98.8 

99.9 99.3 99.6 



0.09 

U .28 

0.13 1.06 0.91 

1.15 

0.08 0.20 0.09 




^OOTRIBUTION 


> DATA CORRECTED TO ENGINE PRESSURES 


COMBUSTION 


CO - EPAP 
CONTRIBUTION 




CONTRIBUTION 


99.9 

99.5 

99.6 

0.01 

0.89 

0.78 

0.06 

0.16 

0.07 

0 . 56 * 

0.51 

0 .U 6 


MAIN 

ONLY 


. 9 t 3.83 6.70 6.76 6.76 6.76 


.0099 .0130 -0- -0- 


.0099 .0130 .0130 .0130 ,0119 


NO DATA OBTAINED AT CLIMBOUT & CRUISE 



COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 


* — NO^ EXTRAPOLATION TO ENGINE PRESSURE 


original PAGP 1° 

OF POOR QUALFTT 
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APPENDIX C-U • 

P & W HrmiD COMBUSTOR DATA, CCJiFICJORATKlI H-U 

i 


1. TEST RIG DATA 


ENGINE 

CONDITION 

IDLE 

BLED 

APPROACH 

CLIMBOUT 



TAKE-OFF 




READING 

NUMBER 

I-l 

APP-1 

APP-2 

CL-1 

CL-2 

CL-3 

TO-1 

TO-2 

TO-3 

TO-U 

TO-5 

tO-6 

TO-7 

I' 




lid 

PILOT PILOT PILOT 






PILOT PILOT. F 

FUELING 

MODE 

PIL01 

ONLY 

PILOT 

ONLY 

PILOT, 

U/11 

& 

MAIN 

& 

MAIN 

ft 

MAIN 

PILOT 

ONLY 

PILOT 

ONLY 

MAIN 

ONLY 

MAIN 

ONLY 

MAIN 

ONLY 

& 

MAIN 

& 

MAIN 

H 




MAIN 












INLET 

PRESSURE 

2.92 

6.9U 

6.76 

6.6U 

6.89 

6.79 

6.87 

6.95 

6.79 

6.8U 

6.7U 

6.82 

6.87 

6 

ATM. 















FUEL-AIR 

RATIO-PILOT 

,01?( 

.0130 

-0- 

.0051 

.0061 

.0075 

.0065 

.0088 

-0- 

-0- 

-0- 

. 0051 * 

.0073 

• 

FUEL— AIR 
RATIO-TOTAL 

,G1?( 

.0130 

.0130 

.0201 

.0200 

.0201 

.0065 

.0088 

.0128 

.0151 

.OlPU 

.0216 

.0219 

• 

CO - E.I. 

?fO 

1.8 

ii7.0 

80.0 

90.1 

101. 

J29.9 

1.8 

2.7 

J 1.0 

12.2 

26.7 

ii.2 


THC • 

0,6 

O.U 

JL.6 

_T9Ji 

?k.l' 

111. 

5.2 

1.8 . 

0.7 

0.6 

0.8 

2.6 

.. -0- . 


HOv - E.I. 


9,1 

6,6 

13W9 

i?il. 

10t3 

ii.7 

9.1i 

17.1 

19.9. 

.19.2 . 

I5.li 

15.5 

1 

SMOKE NO. 















COMBUSTION 

EFFICIENCY 

99.7 

99.9 

98.7 

90.2 

88 . 5 ' 

86.3 

98.8 

99.8 

99.9 

99.9 

99.6 

99.1 

99.9 

‘i 

lATTERR 
^ FACTOR 

1.10 

— 

— 

— 

— 

— 


— 

— 

— 

— 

0.ti7 

— 

- 

CO - epap 
CONTRIBUTION 

1.55 

0.12 

>,?1 

8.52 

9.60 

11.5 

1.2U 

0.07 

0.11 

0.17 

0.51 

1.11 

0.17 

c 

THC - EPAP 
CONTRIBUTION 

0.10 

0.03 

0.11 

8.1i6 

10 . 0 ' 

• 11.9 

i 

0.22 

0.07 

0.03 

0,02 

0.03 

0.11 

-0- 


DATA CORRECTED 

TO E-.iGiriE PRESSURES: 











CO - E.I. 

?79 

0.2 U3.5 

Tjnr 

7277 - 

wrn 

1 » 



— 

“755" 

"ir3“ 

"iFn~ 

“OTT" 


me - E.I. 

o7S“ 


1.2 

29.3 


TfO.9 1 



— 

— 

0.2 

0.3 

O.b 

-0- 


aiOy — 

3.1 

8.2* 

6.6 

21.^ 

20.3 

17.6 

— — 




THir 

33.1 

2U.6 

2U.1 

C; 

COMBUSTION 

EFFICIENCY 

99.7 

1 100 98,9 

95.6 

9U.8* 

93.8 

— 




100 

99.9 

99.6 

100 . 


^ 














i 

CO - EPAP 
_ CONTRIBUTION 

1.53 

0.u2 

2.97 

6.75 

7.76' 

5.55 

■T* ■ 

•T*—* 

— 

0.02 

0.19 

0.63 

0.02 

m 

?! 

THC - EPAP 
_ CONTRIBUTION 

0.10 

0.U2 

0.08 

3.12 

3 . 73 ' 

U.35 

— 

— 

— 

0.01 

0.01 

0.03 

-u- 


NOx - EPAP 
. CONTRIBUTION. 

0.53 

0.56* 

0.u5 

2.29 

2.16’ 

1.90 

— 

— 



1.38 

1.37 

1.02 

1.00 



COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
♦ - P'2 NCjj EXTRAPOLATION TO ENGINE PRESSURE 
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APPENDIX C-5 

P & W HYBRID COMBUSTOR DATA, CONFIGURATION H-5 


TEST RIG DATA 


ZtX^INE 

CONDITION 

IDLE 

BLED 

APPROACH 

CLIMBOUT 

TAKE-OFF 

NO CRUISE DATA 

READING 

NUMBER 

I-l 

APP-1 APF-2 APP-3 aPP-U 

CL-1 

TO-1 TO-2 TO-3 TO-ft 

• 

FUELING 

MODE 

PILCI 

ONLY 

PILOT MAIN 7/11 U/U 
ONLY ONLY MAIN MAIN 
ONLY ONLY 

PILOT 

& 

MAIN 

PILOT PILOT PILOT PILOT 
& Ac & & 

MAIN MAH MAIN MAIN 


INLET 

^lESSURE 

ATM. 

2,95 

6.8U 6.80 6.87 6.7U 

6.81 

6.93 6.76 6.79 6.78 


FUEL-AIR. 

RATIO-PILOT 

EE 

•UX 30 ••O* ••O* •()• 

.0052 

.0033 .0052 .007U .0097 


FUEL-AIR 

RATIO-TOTAL 

.0126 

.0130 . 0 X 30 .ol3U .0128 

.0198 

.0222 .0217 .0217 .0217 


CO - E.I. 

16.0 

wEBmasmssmimm 


70.1 11.1 11.0 16. fl 


THC -E.I. 

0.7 


ii.O 

li9.8 1.0 1.5 1.9 


NO^ - E.I. 



6*6 

10.1 10.6 10.5 15.5 



bb 

ESBBSS9HBB9HBBII 

fgggggl^ 

B22IIQSjgBS&&HBS99 

■■■■■■■■■■■ 

COMBUSTION 
EFFICIENCY 
^ 

99.6 

99.8 8i>.7 90.3 93.U 

98.8 

93.a 99.6 99.6 99.U 


lATTERN 

FACTOR 

1.6U 

— 

0.26 




CO - EPAP 
CCNTRIBDTION 

2.75 

0.10 9.68 5.57 5.10 

3.55 

2.90 0.5U 0.5U 0.70 


THC - EPAP 

CONTRIBUTION 

0.1? 

0,11 7.50 5.32 3.3U 

0.U3 

2.06 O.OU 0.06 0.C8 



DATA CORRECTED TO ENGIIIE PRESSURES; 


CO - E.I. 

16.2 



52.7 5.1 5.r 7.6 


THC - E.I. 

0^7 

1.1 87.9 63.0 38.9 

1.5 

I6.1i 0A3 0.5 0.6 


:;0v - E.I. 

■MU 

12.0" 3.5 5.5 6-7 

9.9 

16.3 17.1i 17.2 25.5 


COMBUSTION 

EFFICIENCY 



99.6 

99.9 88.0 91.9 9U.5 

99. U 

97.1 99.9 99.8 99.8 


CO - EPAP 
CONTRIBUTION 

2.79 

O.Oi 9.3t> 5.30 U.82 

2.30 

2.lS 0.21 0.21 0.32 


IbC - EPAP 
CONTRIBUTION 

0.12 

0.09 6.0U U .30 2.65 

0.16 

0.68 0.01 0.02 0.03 

■f 

NOx - EPAP 
CONTRIBUTION. 

0.60 

0,77* 0.2U 0.38 0.1*6 

1.05 

0.67 0,72 0.71 1.05 




COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NCKENAL ENGINE CONDITIONS. 
* — NO EXTRAPOLATION TO ENGINE FRESSTJRE 

X 

ORIGINAL PAGE m 
OP POOR QUAL^ f 
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APPENm C-6 • 

P & W HTERID COMBUSTOR DATA, CONFICjURATION H-6 


TEST RIG DATA 


IBSiSSHi 

IIO 

BLED 

IDLE 

UNBLED 

APIROACH 

CLIMBOUT 

TAKE-OFF 

CRUISE 

HEADING 

'.nJMBER 

Bl 

1-2 

APP-1 APP-2 APF-3 

J 

CL-1 

1 

TO-1 

TO-2 

TO-3 

TO-4 

TO-5 


FUELING 

MODE 

PILOl' 

ONLY 

PILOT 

ONJjY 

PILOT 

ORLY 

PILOT UAl 
& MAIN 
MAIN ONLY 

m 

PILOT 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

tc 

MAIN 

PILOT 

& 

MAIN 

PILOT’ 

&• 

MAIN 

INLET 

pressure 

ATM. 

2.93 

3.76 

6.76 

6.73 

6.86 

6.80 

6.69 

6.84 

6.85 

6.92 

6.95 

6.84 

FUEL-AIR 

HATIO-PILOT 

,012C 

.O10> 

.0130 

.0046 


.0076 

.0022 

.0031 

.0044 

.0076 

.0093 

.0077 

FUEL— AIR 
RATIO-TOTAL 

.0126 

.0103 

.0130 

.0136 

.0130 

.0194 

.0226 

.02^3 

.0228 

.0215 

.0225 

.0205 

:0 - E.I. 

wm 

3.9 

-0^ 

61.6 

45.0 

33-3 

k?*? 


I8f5 

mm 


-„.THC--E.I. 

mmM 

2.9 

0.3 

697. 

2.0 

4-1 

2o.u 

ii:3 

3l5 

^71 


iTOv "" E # I • 


lg3 


grg 

■rffl 

8.2 

114.6^ 

JJ3.3 

12.8 

11.1 

13.2 

7.6 

SMOKE NO. 






HBHH 

PiiPB 

WMH 

2. 


3. 


COMBUSTION 

EFFICIENCY 

io 

99 .U 

1 

99.6 

100 

26 .4 

98.6 

96.8 

96.2 

9U.U 

97.8 

99.2 

99.3 

98.3 

lATTERK 
_ FACTOR 

l.SU 

1 

— 

— 

— 

— 

— 

— 

— 

— 

0.40 

— 

— 

CO - EPAP 
CONTRIBUTION 

1.65 

0.69 

-0- 

5.57 

3.07 

3.55 

2.07 

2.59 

1.98 

0.77 

0.82 

— 


0.72 

0.51 

0.02 

U7.5 

0.14 

0.43 

1.09 

1.72 

0.47 

0.14 

0.09 

! 

— 

_ ?. DATA CORRECTED TO EIKJINE PRESSURES: 


PQl 

wmm 

-0- 

77 f 3 

U1.6 

21.6 

"5H7T 

T37T 


9.0 

""93“ 

~3475 — 


mm 



l5ir 

1.6 


8.6 

13.5 

3.7 

1.1 

0.7 

6.0 


lim 

lom 

mm 

warn 

KSI 

U»6 

21-6 

19.7 

18-7 

16.4 

18.3 , 

7.5 

CCMBUSTION 
EFFICIENCY 
- 

99.U 

99.6 

lOO 

U3.1 

99.0 

99.4 

98.3 

97.6 

98.9 

99.7 

99.7 

98.6- 

CO - EPAP 
^ CONTRIBUTION 

1.65 

0.62 

mmOmm 

5.27 

2.65 

2.30 

l.UU 

1.89 

1.36 

0.37 

0.41 


THC - EPAP 
_ CONTRIBUTION 

0.72 

0.U9 

0.01 

37.6 O.U 

0.16 

0.36 

0.56 

0.15 

0.05 

0.03 

— 

NOx - EPAP 
.CONTRIBUTION. 

0.61 

0.50 

0.97* 

0.10 

p.U5 

1.23 

0.90 

0.81 

0.78 

0.68 

0.76 

• 

COMBUSTOR INLET 

TEMPERATURE 

AND REFERENCE VELOCITY AT ] 

NOMINAL ENGINE CONDITIO!^ . 

1 

« . 

- P*''^ NO^ EXTRAFCLATIOn 

TO ENGINE PRESSURE 
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APPENDIX C-7 


P & W HTBRID COI3USTOR DATA, COIiFIGORATION H-7 



COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
NO EXTRAPOLATION TO ENGINE FRESSUPvE 






















APPENDIX D 


This appendix contains summaries of test rig data for all of the General 
Electric double/annular combustor configurations evaluated in Phase II of the 
Experimental Clean Combustor Program. Data are presented in two groupings 

1. Test Rig Data - In this section, data are presented as they were ob- 
tained in the test rig with one exception. In setting test point conditions, it 
was rarely possible to operate precisely at the design point fuel-air ratio. 
Thus, when more than fuel-air ratio was investigated at a test condition, the 
general procedure used was to plot the emissions against fuel-air ratio and 
determine emission levels at the design point fuel-air ratio by interpolation. 
When only one fuel-air ratio was investigated at a test condition, emission 
levels at that value are reported. 

2. Data Corrected to Engine Pressures - Correlations which were used 
to extrapolate test rig data to engine conditions are contained in the Data 
Correlation Procedures section of the report. Calculations of EPAP values 
were made according to the procedures described in the EPAP Calculations 
section of the report. 


I 


) 
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APPENDIX D-1-a* 

GE D0UBI£/ANNUUR COKBI6TOR DATA, CONFIGURATION D/A-1 


tel’t rig data 


ZNGIl^ 

. CONDITION 

IDLE 

STD. 


IDLE 

I296BLEED 

APPROACH 

BEADING 

ijdmber 

1-1 

1-2 

wsm 

APP-1 

APP-2 APP-3 APP-U APP-5 APP-6 APP-7 APP-8 APP-9 APP-10 

h'UKLXUCy 

MODE 

■ 

PILOT 

ONLY 

PILOT 

ONLY 

PILOT 

ONLY 

PILOT 

& 

miH 

PILOT PILOT MAIN 
& & ONLY 

MAIN MAIN 

PILOT PILOT 
ONLY & 

MAIN 

PILOT MAIN 
& ONLY 

MAIN 

PILOT ^ 
& 

1/2 

MAIN 

INLET 

PRESSURE 

ATM. 



2.9U 

3.U* 

3.1*2 

3.38 

3.38 

3.1*0 

6.88 

6.83 

6.87 

6.89 

6.89 

FUEL-AIR 

RATIO-PILOT 

.0110 

.0135 

.0160 

.0138 

• OOI4I4 

.0062 

.0032 

-0- 

.0137 

.001,2 

.0081 

-0- 

.0080 

FUEL-AIR 

RATIO-TOTAL 

.0110 

.0135 

.0160 

.0138 

.01 U5 

.0139 

.011,1 

.011*1 

.0137 

.011*1 

.0139 

.0138 

.0138 



<^6.8 



139.6 

127.7 

100.1^ 

83„2 

13.7 

123.5 

B1.2 

^ 3 - 0 - 

61^3.. 


idd 

6.9 

7.3 


ii6.a 

6^.2 

73.2 


0.8 

3L.2 

LJt»Q 

12.1 

2f;.2_ _ 


m 

. 3.6 . 

3.6 


2.1 

_ 2.2 

_ 

_ 2.t^ 

10.3 

2.9 

li.8 

3.2_ 



SMOKE NO. 

BPHI 







KO 

■tun 

PiiPii 

PPPiPI 

PPiiiW 

BB 99 H 

COMBUSTION 

EFFICIENCY 

97.8 

98.0 

97.1* 

99.1 

92.1 

90.7 

89.7 

96.7 

99.6 

93.7 

93.7 

97.1 

96.1 

PATTERN 

FACTOR 

1.77 

I.2I4 

0.97 

1.11 

0,28 

0.U6 

0.65 

0.51* 

1.12 

0,33 

0,70 

0,56 

0.63 

CO - EPAP 
CONTRIBUTION 

6.I42 

7.76 

10.7 

3.22 

12.37 

11.65 

9.13 

7.59 

1.25 

11.25 

7.U1 

6.66 

5.59 

THC - EPAP 

CONTRIBUTION 

1.U7 

0.9U 

1.00 

o.ou 

U.28 

5.76 

7.22 

1.23 

0.07 

3.12 

1*.01 

1.10 

2.30 

DATA CORRE 

CTED 1 

?0 ENGINE 

PRESSURES 

• 

• 











LMil 

SLQ 

■sum 

7.7 


103.5. 

78.1 

_ 62.8 

V7 

112.5. 





lEin 


7.9 

. 0.1 

,_n..7 

. I8.i 

22.9 

.. 3.9. 

CLX 

20.0 

OK.R 

-'Li-L 


H||KSJ!ES 9 fOHi 

Klfl 

mmm 

. 1.7 

19.7 

' 3.9 

L.L 

6.5 

I1.7 

12/1* 

Ka. 

“1 • • 

IlA 

A, ft 

COMBUSTION 
EFFICIENCY 
_ % 

97.8 

98.0 

97. u 

99.8 

96.0 

95.8 

95.9 

98.1 

99.8 

95.1* 

95.7 

97.8 

97.3 

CO - EPAP 
_ CONTRIBUTION 

6.U6 

7.78 

10.73 

0.70 

10.13 

9.1*1* 

7.12 

5.73 

0.U3 10.26 

6.55 

5.81* 

U.82 

THC - EPAP I 
CONTRIBUTION 

1.U9 

0.96 

1.02 

0.01 

1.25 

1.67 

2.09 

0.36 

0.05 

1.82 

2.35 

0.65 

1.35 

NOx - EPAP 
CONTRIBUTION. 



0.51 

.0.98* 

' 0.36 

0.1,0 

0.59 

0.U3 

1.10* 0.31, 

0.58 

0.39 

0.53 


COMBUSTOR INIirr TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
* — P*2 NO^ EXTRAPOLATION TO ENGINE PRESSURE 

« — ALTERNATE MAIN INJECTORS FUELED • 
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APPENDIX D-1-l> 

GE DOUBLE ANNULAR CONFIGURATION D/A-1 cont. 


1. TEST RIG DATA 



ZNGIRE 

CONDITION 

1 

APPROACH 

CUMBODT 

TAKE-OFF 

NO CRIUSE 
DATA 

3EADIM} 

jiUMBKR 

APP-11 

APP-12 APP-13 APP-11* 

CL— 1 

CL-2 

CL— 3 

CL-6 

TO-1 

T0-‘2 

TO-3 

TO-6 


FDELIHG 

MODE 

pilot" pilot pilot 

& & & MAIN 

h MAIN i MAIN i MAIN ONLY 

PILOT 

& 

MA TM 

PILOT 

& 

MA TM 

PILOT 

8c 

MAIN 

PILOT 

8c 

MAIN 

PILOT 

8c 

MAIN 

PILOT 

8c 

MAIN 

PILOT 

8c 

MAIN 

PILOT 

8c 

MAIN 

I 

INLET 

PRESSURE 

ATM. 

3.142 

3.UO 

3.U1 

3.35 

6.77 

6.76 

6.76 

6.83 

6.73 

6.76 

6.76 

6.73 

! 


FUEL»AXR 

RATIO-PILOT 

.001*3 

.0063 

.0083 

-0- 

.0032 

.001*6 

,0063 

,0101 

.0033 

.0063 

.0063 

.0101 



FUEL-AIR 

RATIO-TOTAL 

.0139 

.011*2 

.011*1 

.0138 

.0216 

.0216 

.0216 

.0209 

.0233 

.0233 

.0233 

.0228 



CO - E.I. 


81.0 

76.6 

.78.2 

J. 1.8 

7*? 

6.2 

19J, 

6.7 

J,.2 

^.0 




THC -E.I. 

i*q.8 

36. Q_ 

32.6 

12^.1 

Q.ii 

0 .^ 

0.7 

1.8 j 

0.1 

__ 0.1 

0.1 

0.3 



iXO V • E.I. 

2.0 

2.6 .. 

_ 3.9 

2.1 

6.1 

6.0 

6-5 

ID.^i 

^.9 

6 J. 

7.2 

11.2 



SMOKE NO. 




0.5 


Q.8 



■RfUl 


PWW 


■BIHIIIIIIIIfl 


COMBUSTION 

EFFICIENCY 

92.8 

91*. 5 

95.0 

85.9 

99.7 

99.8 

99.8 

99.6 

99.8 

99.9 

99.9 

99.8 



2ATTER]f 

FACTOR 

0.93 

0.68 

0.81 

1.92 

0.1*0 

0.35 

0.21 

0.30 

0.61 

0.33 

0,26 

0.25 



CO - EPAP 
CONTRIBUTION 

8.80 

7.39 

6.91* 

7.13 

1.76 

1.09 

0.92 

2.89 

0.38 

0.26 

0,17 

0.39 



THC - EPAP 
CONTRIBUTION 


3.28 

2.97 

11.23 

0.06 

0.07 

0.10 

0,27 

0.01 

0.01 

0.01 

0.02 



DATA CORRECTED TO EUGIIU: PRESSURES; 










CO - E.I. 

75.0 

60.9_ 

_ 56.9 

_sa.i_ 

:ii.6 

0.9 

0.6 

6.7 

0,6 

0 . 1 _ 

0.1 

0,6 



THC - E.I. 

1li.6 

10^5 . 

. 9.5 

35.2 _ 

0.1 

_Q.l _ 

0.1 

0.1 

- 0 - 

-Q- 

-0- 

-Q- 



NOv - E.I. 

1.9 

L,9 

7.1. 

. 14.14 

^ lil.il 

16.6 

1S.7 

26 .il 

.1 1 

16.3 

18.5 

29.6 



CaiBUSTION 

EFFICIENCY 

96.8 

97.5 

97.7 

95.1 

99.9 

100 

100 

99.8 

100 

100 

100 

100 

i 


CO - EPAP 
CONTRIBUTION 

6.81| 

5.55 

5-19 

5.39 

0.39 

0.13 

0.09 

1.00 

0.03 

0.01 

0.005 0.001 



THC - EPAP 
CONTRIBUTION 

1.33 

0.96 

0.87 

3.21 

0.01 

0.01 

0.01 

0.06 

-0- 

—0— 

-0- 

—0— 



NOx - EPAP 
CONTRIBUTION. 

0.36 

0.U5 

0.67 

0.1*0 

2.15 

2.16 

2.33 

3.92 

0.86 

0.93 

1.05 

1.68 
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APPEKDIX D-2-a 

DOaBLB/AK}raLAR COMBUSTOR BATA, CONFIGDRATICBf B/A-2 


TEST RIG DATA 


ZNGINE 

CONDITION 

n)i£ 

APPROACH 

CLIMBODT 

TAKE-OFF 

READING 

NUMBER 

1-1 

APP -1 

APP -2 APP -3 APP-U 

CL -1 

CL -2 

CL -3 

CL- 1 * 

TO -1 

TO -2 

TO -3 

TO -4 

TO -5 

FUELING 

MODE 

PILOT 

ONLY 

PILOT 

ONLY 

PILOT 

& 

MAIN 

PILOT MAIN 
& ONLY 
MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

MAIN 

ONLY 

PILOT 

& 

MAIN 

PILOT 

it 

MAIN 

PILOT 

& 

_MAI 1 L. 

PILOT 

& 

MAIN 

INLET 

PRESSURE 

ATMo 

2 . 91 * 









U.71 

U.72 

4.72 

1*.74 

1 *. 7 U 

FlffiL-AIR 

RATIO-PILOT 

.0110 

.0131 

.001*1 

.0081 

-0- 

.0031 

.001*2 

.0063 

.0102 

-0- 

.0031 

.0041 

.0061 

.0101 

FUEL-AIR 

RATIO-TOTAL 

.0110 

.0131 

.011*1 

.0138 

.011*0 

.0215 

.0215 

.0217 

. 0|216 

.0231 

.0233 

.0231 

.0231 

.0231 

CO - E.I. 


29.1 

109. _ 

6?n8 

^8.7 

1^.6 

7.6 

ii .9 

Q.q 

7.c; 


6.1 

l.ft 


THC -E.I. 

tmm 

0.7 _ 

21.^ 

21.2 

10..9 

0.5 

0 .^ 

__0^^ 

0.11 


Q.9 

1.2 

,1.0 

1.7 _ 

I'JO V — £ . I . 

rntm 

9 fO 

1.7 

_ 7..9 

L.2 

6.^ 

6.2 

7.6 

IS .1 

9.7 

mni 

7.L 

8.2 

16.^ 

SMOKE NO. 

1 . 

- 0 — 



1 . 


- 0 - 

PPPWl 


iWI 

hihi 

PIW 

PPW 

hhhhi 

COMBUSTION 

EFFICIENCY 

^ 

98.0 

99.3 

95.3 

96 . 1 * 

97.5 

99.6 

99.8 

99.9 

99.7 

99.8 

99.7 

99.7 

99.6 

99.7 


1.23 

ffli 



HU 



in 


0.50 

0.54 

0.57 

0.1*1 

0,31 

CO - EPAP 
CONTRIBUTION 

6.13 

2.65 

9.96 

5.73 

5.35 

2.02 

1.13 

0.73 

1.1*7 

0.I3 

0.49 

0.35 

0.22 

0.31 

THC - EPAP 
CONTRIBUTION 

1 . 31 * 

0.06 

1 . 91 * 

1.93 

0.99 

0.07 

0.01* 

0.01* 

0.06 

0.03 

0.05 

0.07 

0.17 

0.10 

DATA CORRE 

CTED T 

‘0 EIXJINE PRSSSURr:^^ 




PBS]HSK 3 Q 9 lii 

IRSH 3 I 

BUS! 

Eism 

tsmm 

PiUB 

[ q.c; 

1.0 _ 

0.3 

l.ft 

ITRH 

Hnm 

HSRH 

Bsm 



■SKI 

rnim 

RM 

nwm 

Kn 

._Q.l 

0.1 

_ 0.1 

0-1 

. 0.1 

0.1 

0.2 

Q.f 

0-3 


tarn 

iiji* 


10. 7 




16. c: 

33 r? 




1ft, 9 

37. 

COMBUSTION 

EFFICIENCY 

* 

m 

99.0 

96.5 

97.5 

93.2 

99.9 

100 

100 

100 

100 

100 

100 

100 

100 

CO - EPAP 
^ CONTRIBUTION 

JQI 

0 . 1|6 

8.98 

1*.92 

h*SI 

0.52 

0.15 

0.01* 

0.27 

0.01* 

0.06 

0.03 

0.01 

0.02 

THC - EPAP 
CONTRIBUTION 

1.35 

0.02 

1.12 

1.12 

0.58 

0.01 

0,01 

0,01 

0.01 

0.005 0.003 0.01 

0.03 

0.02 

NOx - EPAP 
CONTRIBUTION. 

D.U 7 

i.ou* 0.I42 

0.91 

0.148 

2.05 

2.00 

2 .U 5 

1*.99 

1.28 

1.05 

0.99 

1.08 

2.16 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
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APPENDIX D-2-b 

GE DOUBLE/aMIDLAR CONFIGURATION D/a- 2 cont. 


NO CRUISE DATA OBTAINED 


FUELING 

MODE 


TAKE-OFF 

TO-6 TO-7 

TO-8 

PILOT PILOT 

PILOT 

& & 

& 




6.80 6.77 6.80 


IlILET 

PRESSURE 

ATM, 


I^Slot -“>3' .OOW .0060 


FUEL-AIR 

RATIO-TOTAL 


.0229 .0228 .0226 



COMBUSTION 

EFFICIENCY 99,8 99.9 99,9 


lEATTERR 

fiJZIQ B 

CO - EPAP 
CONTRIBUTION 


THC - EPAP 0.02 0.01 0.01 

CONTRIBUTION 


0.U5 0.39 0.50 
0.36 0,19 0.11 


> DATA CORRECTED TO ENGINE PRESSURES 




COMBUSTION 




EFFICIENCY 

100 

100 

100 

CO - EPAP 
CONTRIBUTION 

0.05 

0.01 

0.006 

THC - EPAP 
CONTRIBUTION 

8 

• 

0 

8 

• 

0 

8 

• 

0 

NOx - EPAP 
CONTRIBUTION, 

1.07 

1.03 

1.19 
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APPENDIX D-3-a 

G£ DJUBLE/ANNULAR CGMBUSTOR data , CONFIGURATION D/A-3 
lATA j 

ZIIGIIIE 

COroiTION 

SbH 

IDI£ 

6^LEKU 

IDIE 

12i BLEED 

APPROACH j CLINBOUT 

TAKE-:OFF 

aEADING 

HUMPER 

1-1 

1-2 

1-3 

APP-1 APP-2 


TO-1 T0-2‘ TO-3 TO-4 

FUELING 

NODE 


PILOT 

ONLY 

PILOT 

ONLY 

PILOT PILOT 
ONLY (»LY 

PILOT PILOT PILOT PILOT 
& & A A 

rIAIII HAM MAIN MAIN 

MAIN PILOT PILOT PILOT 
ONLY & A & 

MAIN MAIN MAIN 

IRUBT 

X^mSSURE 

ATM, 

m 

m 

2.91 

2.87 

3.43 6.79 

4.74 4.73 4.75 4.74 

4.72 4.73 4.73 4.72 

?UEL~AXR 
.. RATIO-PILOT 

.0110 

.0130 

.0153 

.0140 .0140 

.0029 .0040 .0061 .0098 

- 0 - .0030 .0041 .0060 

FDBL-AIR 

RATIO-TOTAL 

,0110 

.0130 

.0153 

.0140 .0140 

.0211 .0214 .0215 .0210 

.0231 .0233 .0234 .0231 

JO - E.i. 

.66.0 

80. q 

■■RilQi 

52.0 90.5 

17.2 11.7 0.1 22.2 

15.5 12.2 8.L 6.5 

"thc -e.i. 

Riiai 


1 J.1.6 1 

0.9 0.2 

O.fc 0.2 0.2 0.8 

O.L 0.1 0.1 0.1 

_ :;o,r - E.i. 

mm 

mmm 

■Ijgl 

9.1 _ 

8.6 8.2 0.7 11.6 

11.9 10.8 10.3 11.1 

mmmisam 

n 



2. 1L. 

... —0— 


COMBUSTION 

EFFICIENCY 

95.0 

9U.U 

9U.1 

98.7 99.3 

99.5 99.7 99.8 99.4 

99.6 99.7 99.8 99.8 

£ATTERK 
FACTOR 

1.55 

1.29 

1.10 

1.36 1.33 

-.47 0.45 0.38 0.64 

0.52 0.49 0.38 0.34 

CO - EPAP 

_ CONTRIHUT’ION 

9.01 

10.99 

12.40 

4.74 2.78 

2.56 1.74 1.38 3.30 

0.89 0.70 0.48 0.37 

THC - EPAP 

^ CONTHmrriOF 

U.71 

5.13 

5.13 

0.06 0.02 

0.09 0,03 0.03 0,12 

0.02 0.02 0.006 0.0'06 

^LXTA COKhT 

r--TT-^r-=^ 

PO ENGINE PRESSURES: 

- — F-T -- - 1 ‘ HI 1 l i ■ 

*] 


_ :o - K.i. 

f'.. .. 7 


89.8 


1-L 8-)| 

J:^Q 1^0 0^3 

_ THC - E.I. 




^ 0.3 Q.l. 

Jj.l Q.OJi O.QI| 0.2 

0,0L 0 ni. CiA)0 0 . 0 :^ 

-'Ov •“ i^«I« 


1.^? 1 

X-a 

8.,|* 9,l|* 

1fl„; 18 .? ?1,6 10 ? 

?8.-' -1.5 ''6.1 

COMBUSTION 

EFPICIEHCY 

9U.9 

9U.3 

94.1 

99.2 99.4 

99.9 99.9 100 99.8 

99.9 99.9 100 100 

CO - EPAP 
_ CONTRIBUTION 

9.11 

10.97 

12.26 

3.22 2.17 

0.80 0.38 0,23 1.25 

0.23 0.14 0.06 0.03 

IHC - EPAP 
_ CONTRIBUTION 

fi.78 

5.17 

5.13 

0.02 0.01 

0.02 0.01 0.01 0.02 

—0— —0— —0— 

NOx - EPAP 
CONTRIBUTION. 

9.U3 

0.U3 

O.lfi 

0.77* 0.85* 

2.70 2.71 3.22 4.49 

1.61 1.38 1.34 1.50 

CCKBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
2 

* — P* NO^ extrapolation to engine pressure 

Original pa^s> 

DB POOR QLA? a 
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APPEaiDIX B-3-b 

GE DODBLE/ANNDLAR COMPIGTJRATION D/a- 3 oont. 


. TEST RIG DATA 





:iSADING 

NUMBER 


FUELING 

MODE 


INLET 

PRESSURE 

ATM, 


FUEL-AIR 

lATIO-PILOT 


FUEL— AIR 
RATIO-TOTAL 


- E.I. 


TAKE-OFF 

TO-5 

TO-6 

TO-7 

TO-8 

PILOT 

PILOT 

PILOT 

PILOT 

& 

& 

& 

& 


0 CRUISE DATA OBTAINED 




h .76 6.80 6.80 6.80 


.0102 .0031 .00i«2 .0060 


.0234 .0233 .0237 .0235 


COMBUSTION 

EFFICIENCY 99,7 99.8 99.9 99.9 


0.5U 0.1*6 0.1*2 0,37 


EATTERK 

fAC IO R 

0*53 0,32 0.2? 

CONTRIBUTION 


0.01 0.02 0.01 0.02 

CONTRIBUTION 


TA CORRECTED TO ENGINE PRESSURES 




COMBUSTION 

100 

100 

100 

100 

EFFICIENCY 

. 

CO - EPAP 
. CONTRIBUTION 

0.11 

0.11 

0.03 

0.02 

^ THC - EPAP 

_ CONTRIBUTION 

—0— 

-0- 

-0- 

0.005 

NOx - EPAP 
_ CONTRIBUTION. 

2.07 

1.36 

1.37 

1.U9. 
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APPENDIX 

ca: DOUBLE ANI.TJLAR COMBUSTOR DA' 


TEST RIG DATA 


ZNCINE 

CONDITION 

IDLE 

DATA NOT OBTAINED AT AFPI 

READING 

::tjmber 

Esa 


FUELING 

MODE 

PILOT 

ONLY 


INLET 

PRESSURE 

ATMo 

?.91 


FUEL-AIR 

RATIO-PILOT 

.0110 


FUEL-AIR 

RATIO-TOTAL 

.OUO 


CO - E.I. 

mmi 


THC.-Ea. 

7.0 


:iOv - E.I. 

■!fm 


SMOKE NO. ^ 



COMBUSTION 

EFFICIENCY 

98.1. 


lATTEHl? 

FACTOR 

1.02 


CO - EPAP 
CONTRIBUTION 

5.U6 


IHC - EPAP 
CONTRIBUTION 

0.96 


DATA CORRECTED TO EIKJINE PRESSURES: 


CO - E.I. 

mm 


THC - E.I. 

7.0 . 


NOv - E.I. 

t.l 


COMBUSTION 

EPFICIENCy 

.K> 

98 .U 


CO - EPAP 
CONTRIBUTION 



THC - EPAP 
CONTRIBUTION 

0.96 


NOx - EPAP 
CONTRIBUTION. 

0.56 

• 


COMBUSTOR INLET TEMPERA.TURE AND 



lOACH, CLIMBOITT, TAKE-OFF OR CP.UISE 






















I 
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APPENDIX D-5 • 


GE DOUHLE/ANNULAR COHBUSTOR DATA, CONFIGURATION D/A.5 

•. TEST RIG DATA 


IDLE APPR. CUMBOUT 


ZNCINE 

:ONDITION 


READING 

3iTJMBER 


FUELING 

MODE 


INLET 

PRESSURE 

ATM, 


FUEL-AIR 

RATIO-PILOT 


FUEL— AIR 
RATIO-TOTAL 



PILOT 

ONLY 


2.92 


.0110 .olUo 


.0110 .OlliO 





TAKE- 

.OFF 

TO-1 

TO-2 

PILOT 

PILOT 

& 

& 

MAIN 

MAIN 

8.53 

8.5U 

. 0051 * 

.OO 6 U 

.0231 

.0231 

2.Q 2.2 

0.1 

0.1 



NO CRUISE DATA OBTAINED 


COMBUSTION 

EFFICIENCY 98.6 98.9 99.8 99.8 99.U 100 99.9 


0.87 1.3U 



EATTERN 

5.39 |u.l6 1.28 l.uo 3.29 0.11 0.13 
CONTRIBDTION I 


C - EP 


0.33 0.01 - 0 - - 0 - 0.07 0.006 0.006 


DATA CORRECTED TO ENGINE PRESSURES 



COMBUSTION 

EFFICIENCY 98.8 99.7 100 100 99.8 100 100 

io 


cSmamioN 5-3? o.jo o.au i.2U 0.009 0.01 


0«33 0.003 -0- -0- 0.01 0.002 0.002 

CONTRIBUTION 


NOx - EPAP Q^50 0.71* 
CONTRIBUTION. 





COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NCMINAL ENGINE CONDITIOIIS. 


NO SXTRAPOUTIOH TO ENGINE FRESSJR5 


ORIGIN^ 

gH WUi. 
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on 

APPBNDU D-6 


GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGUFIATION D/A-6 


1. TEST RIG DATA 

^ ■ 

21*^^ idle approach 

CONDITION 


HEADING 

NUMBER 


FUELING 

NODE 


INLET 

PRESSURE 

ATM, 


FUEL— AIR 
RATIO-PILOT 


FUEL-AIR 

RATIO-TOTAL 


0 - 


NO DATA OBTAINED AT CLIMBOOT, TAKEOFF OR CRUISE 


m 

APP-1 

PILOT 

ONLY 

PILOT 

ONLY 

2.91* 

3.U0 



.0110 . 011*0 





; CMOKE NO. 


COMBUSTION 


I lATTERR 
I .-^CIOR . 


CONTRIBUTION 


, THC - EPAP 

i CONTRIBUTION 


DATA CORRECTED TO ENGINE PRESSURES 



99.2 

99*3 

0.95 

1.16 

3.37 

2.57 

0.29 

0.01 


CCffIBUSTION 


CO - EPAP 
CONTRIBUTION 


. CONTRIBUTION 






U.7 

IBOi 

-0- 

m*! 


9?.? 

99.9 


0.29 

0.003 


0.89* 



CaiBOSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 


* — p*2 NO KXTRAPOUTION TO ENGINE PRESSURE 
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APPENDH D-7 • 

GE DOUBLE/ANNUIAR COMBUSTOR DATA, CONFIGURATION D/A-7 


•. TEST RIG DATA 


IDLE 


2EADDIG 

number 


FDEIJNG 

MODE 


PILOT 
ONLY I ONLY 





3K0KE NO, 


CLIMBOUT 


TAKE' 

.OFF 




CL-1 

CL-2 

CL-3 

TO-1 

TO-2 

TO-3 

TO-U 

TO-5 

TO-6 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

& 

Sc 

& 

Sc 

Sc 

Sc 

& 

Sc 

Sc 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

U.77 

U.76 

U.76 

U.77 

U.77 

U.78 

9.57 

9.50 

9.57 

.OQliO 

.0058 

.0062 

.oouo 

.0062 

.OlOU 

.OOUl 

.0061 

.0081 

.0215 

.0220 

.0215 

.0230 

.0231 

.0233 

1.0231 

.0231 

.0230 


NO CRUISE L 
OBTAINED 


liEKI 


0 .? 0.2 


COMBUSTION 

EFFICIENCY 

99.U 

98.2 

99.7 99.8 99.8 

99.9 99.9 99.8 99.9 99.9 100 

eattern 

-ACTOR 

I.IU 

1.07 

0.56 O.Ul 0.38 

0.U6 0.US 0.U6 0.U9 0.51 0.31 

CO - EPAP 
CONTRIBUTION 

2.53 

6.92 

1.56 1.03 1.31 

0.33 0.23 0.U2 0.15 0.19 0.13 


THC - EPAP 

CONTRIBUTION 


DATA CORRECTED TO EITC 


THC - 


-<0y “ E«I 


CCMBUSTION 

EFFICIENCY 

_ _ .5^ . 

99.U 

99.3 

100 

100 100 

100 

100 

100 

100 

100 

100 

CO - EPAP 
. CONTRIBUTION 

2.58 

2.82 

0.30 

0.11 0.20 

0.02 

0.007 

o.ou 

0.02 

0.02 

0.01 

THC - EPAP 
CONTRIBUTION 

0.19 

0.01 

0.005 0.005 0.008 

0.001 

0.001 

0.001 

-0- 

0.002 

-0- 


0J*8 

0.82* 

1.86 

1.60. 1.73 

0.75 

0.68 

1.08 

1.0C 

0.91 

l.OU 



COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 


* — P‘^ NO. EXTRAPOLATION TO ENGINE PRESSURE 
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APFSMDIX D-8t.< ' 

Q£ DOUBLS/ANNULAR COMBUSTOR DATA, CONFIGURATION O/A-8 


1. TEST RIG DATA 


ZN&INE 

CONDITION 

IDLE 

1 

APPROACH 

CLIMBOUT 


R^ING 

NUMBER 

B 

APP-1 APP-2 APP-3 APP-U APP-5 APF-6 APP-7 

CL-1 CL-2. CL-3 CL-1*- 

TO-1 TO-? 

FUBLINO 

MODE 


PILOT PILOT PILOT PILOT HLOT PILOT 
MAIN MAIN MAIN MAIN MAIN MAIN 

PILOT PILOT PILOT PILOT 
dc A & & 

NALN MAIN MAIN MAIN 

PILOT PILOT 
& k 

MAIN MAIN 

INLET 

PRESSURE 

ATM, 

2,9k 

3.39 3.39 3.U0 3.U1 6.80 6.8o 6.31 

1*.76 U.76 1*.76 1*.76 

u.76 U.76 

FUEL-AIR 

RATIO-PILOT 

•one 

.0137 .OOUi .0056 .0070 .001*6 .0071 .0092 

.0033 .001*2 .0062 .0081 

.0031 .00U2 

FUEL— AIR 
RATIO-TOTAL 

•one 

.0137 .0137 .0139 .0139 .011*0 .011*0 .011*0 

.0211* .0213 .0212 .0213 

.0231 .0231 

:o - E.i. 


.21.2 llil, J.23. 106. 119. 91.7 69.9 

6.9 li.3 li.li 7.0 

li.6 2.8 

THC -E.I. 

1.7 

0.5 51.3 50.1 52.^0 30.6 37.0 37.6 

0.1 0.1 0.1 0.3 

0^1 -0- 

:tOv - E.I. 

mta 

6.1* 2.2 2.3 3.5 3.3 1*.3 5.6 

6.5 6.6 7.7 8.3 

8.0 8.1 


It 

2. 2 

— — — 3. — — 


COMBUSTION 

EFFICIENCY 

. 

99,k 

99.5 91.6 92.1 92.3 9l*.2 9l*.2 9U.6 

99.8 99.9 99.9 99.8 

99.9 99.9 

PATTERN 

FACTOR 

1.05 

1.07 0.1*0 0.1*3 0.62 0.36 0.52 0.90 

0.33 0.31* 0.29 0.3U 

0.35 0,31 

CO - EPAP 
CONTRIBUTION 

2.53 

1.93 12.31* 11.22 9.81* 10.37 8.36 6.37 

1.03 0.71 0,65 1.01* 

0.26 0.16 

THC - EPAP 
CONTRIBUTION 

0.23 

0.05 U.68 1*.57 l*.7l* 2.79 3.37 3.U3 

0.02 0.02 0.02 0.05 

0.006 -0- 

2, DATA CORRECTED ' 

TO ENGINE PRESSURES: 



CO - E.I. 

mKM 


0.8 0,3 0.2 0.3 

0.2 0.1 

THC - E.I. 

ra 


“leu T5- ^ 5TI" 

-0- -0- 

NOv - E.I. 

mm 


il*.»5 i5.'i 17.7 20.1 

19.5 19.5 

COMBUSTION 

EFFICIENCY 

It . 

99,U 

99.9 95.8 96.2 96.5 95.7 95.9 96.U 

100 100 100 100 

100 100 

CO - EPAP 
CONTRIBUTION 

2.55 

0.21 10.57 9.06 7.79 9.89 7.1*5 S.Sk 

0.11 0.01* 0.03 0.12 

0.01 O.OOU 

rac - EPAP 
^ CONTRIBUTION 

0.23 

0.01 1.36 1.33 1.38 1.62 1.96 2.00 

0.003 0.003 0.003 0.009 

0.001 -0- 

ITOx - EPAP 
CONTRIBUTION. 

0.U2 

0.77* 0,39 0.50 0.62 0.1*5 0.58 0.67 

2.20 2.21* 2,63 3.00 

1.11 1.11 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
« — P*^ NOjj EXTRAPCOLATICW TO ENGINE PRESSURE 
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APPENDn D-8-b • 

GE DOUBLE/ANNULAR CONFIGURATION D/A-8 cont. 


TEST RIG DATA 


ENGINE 

CONDITION 

1 

TAKE-OFF 

NO CRUISE DATA OBTAINED 

HEADING 

'.TUMBER 

TO-3 TO-U 


FUELING 

MODE 

PILOT PILOT 
& St 

MAIN MAIN 


INLET 

PRESSURE 

ATM, 

U .76 U .75 I 


FUEL-AIR 

RATIO-PILOT 

.0062 ,0062 

? 

. _ 1 

FUEL-AIR 

RATIO-TOTAL 

.0231 .0231 

1 

CO - E.I. 

"T3 


THC— E.I. 



I'iOv “* jEj • X • 



SMOKE NO. . 

!• 


COMBUSTION 

EFFICIENCY 

__ 

99.9 99.9 


EATTERB 
.. FACTOR 

0,27 0,30 


CO - EPAP 
CONTRIBUTION 

0.13 o,iU 


THC - EPAP 
CONTRIBUTION 

0.006 0.006 


^ rr- 



g DATA CORRECTED TO ENGINE PRESSURES; 


. CO - E.I. 

0.06 0.06 ' 


THC - E.I. 

mmgmm 


.. IIOv - E.I. 



C(»IBUSTION 

EFFICIENCY 

__ _ 

100 100 

i 

1 

CO - EPAP 
_ CONTRIBUTION 

0.003 0,003 

• 

THC - EPAP 
CONTRIBUTION 

0.001 0.001 


NOx - EPAP 
CONTRIBUTION. 

1,2k 1.39 

i 

• i 
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73 

APPENDIX D-9-a. 

GE DOUBLE/ANNULAR COHBUSTOR DATA, CONFIGURATION O/A-9 


TEST RIG DATA 


ENGINE 
• CONDITION 

IDLE 

APPROACH 

CLIMBOlfT 

TAKE-OFF 

READING 

NUMBER 

Bl 

APP-l APP-2 APP-3 APP-U APP-5 APP-6 APP-7 

CL-l 

CL-2 

dL-3 

TO-i 

TO-2 

TO-3 


Ml 


PILOT 

PILOT 

PILOT 

w ^ w 

PILOT PILOT PILOT 

PILOT 

PILOT’ 

PILOT 

PILOX’ 

PILOT 

PILOT 

FUELING 


PILOT 

A 

A 

A 

& j 


4 i 

A 

A 

A 

A 

A 

A 

MODE 


ONLY 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

INLET 















PRESSURE 

2.91 

3.39 

3.1»0 

3.39 

3.38 

3.U0 

3.ia 

3.141 

14.76 

U.76 

U.78 

u.76 

u.76 

u .76 

AIM. 















FUEL— AIR 

.0110 

.0139 

.0071 

.0091 

.0112 

.0072 

,0092 

.0113 

.0035 

.OOI 4 I 

.0060 

.0030 

.oouo 

.0060 

RATIO-PILOT 















FUEL— AIR 

.0110 

.0139 

.OlUo 

.OlUO 

.0139 

•OlUO 

.Oiui 

.01141 

.0212 

.0210 

.0213 

.0225 

.0223 

.0227 

RATIO-TOTAL 















CO — £ • X • 

i3im 

18.6 


89.0 . . 

72^6 

6fl.3 

61.6 

61 .L 

_ 7.1 

6.11 


6.8^ 

1.6 

2.6 

7HC -E.I. 

■ff*i 

. O.L . 

5«5-7 

S2.6 

18.2 

26.6 

21.0 

^ 1.8 

0.1 

-0- 

- 0 - 

-0^ 

. -0- 


iTOv* ** £«X* 

ma 

6.L 

l.li 

li.2 

6.1 

1.9 

li.8 

6.6 

6.8 

6.0 

7.0 1 

7.2 

7.2 

8.0 


1. 1 


MPM 

|nM| 

PPPM 

1. 



COMBUSTION 

1 














EFFICIENCY 

3& 

99.2 

- . 1 

99.5 

91.8 

92.7 

9li.5 

95.9 

96.2 

96.6 

99.8 

99.9 

99.9 

99.9 

99.9 

99.9 

PATTERN 

1.02 

0.99 

0.U9 

1.06 

1.03 

0.56 

0.71 

0.88 

0.39 

0.37 

0 . 31 * 

0.37 

0.38 

0.35 

.. FACTOR 















CO - EPAP 

2.69 

1.70 

10.26 8.12 

6.61 

6.23 

5.79 

U.87 

1,09 

0.80 

0.58 

0.33 

0.21 

O.IU 

_ CONTRLBUTION 















TEC - EPAP 

O.Ul 

o.ou 

5.08 U.80 

3.U8 

2.33 

2.10 

1.99 

0.02 

-0- 

-0- 

-0- 

-0- 

—0— 

CONTRIBUTION 


__ 













DATA CORRECTED X 

’0 E1:GI!IE PRESSURES 



MSS 





mu 

“TTT 


68.0 

Tjn- 

“ii5vr 

145.2 

isTir 

"W 


6.7 

“o.ir 

T)7r 

“571 

_ THC - E.I. 

KBsl 

0.1 

16.? 

i5.2 

TL.O 

7 .I 4 

6,'7 

6.U 

-0- 

-0- 

—0— 

— t)— 

-0- 

-0- 

AlOv — E*I» 

■Al 



rt.l 

9.8 

t.3 

"~8T8“ 

10.2 

lu.i 

1U.7 

lb. 9 

i9.2 

19.3 

?1.1 

COMBUSTION 















EFFICIENCY 

_ j 

99.2 

100 

96.3 

96.9 

97.7 

98.1 

98.3 

98.5 

100 

100 

100 

-j 

100 

100 

100 

CO - EPAP 

2.88 

0.11 

8.17 

6.20 

U.8U 

U.51 

U.12 

3.32 

0.13 

0.06 

0.02 

0,02 

0.005 0.003 

CONTRIBUTION 















THC - EPAP 

O.lil 

0.01 

1.U8 

1.39 

1.01 

0.68 

0.61 

0.58 

0.003 

-0- 

-0- 

.^0- 

-pO- 

-0- 

CONTRIBUTION 















NOx - EPAP 

0.U5 

1 0.76* 0.59 

0.73 

0.89 

0.67 

0.80 

0.93 

2.09 

2.16 

2.51 

1.09 

l.OU 

1.21 

CONTRIBUTION. 


1 














COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
* — NO^ EXTRAPOUTION TO ENGINE PRESSURE 


a — 


ALTERNATE MAIN INJECTORS FUELED 
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APPENDIX D-9-b- 

Gfi DOUBLE/ANNULAR CONFIGURATION D/A-9 cent. 


TEST RIG DATA 



TAKE-OFF 

CRUISE 


READING 

ITDMBER 

TO-R 

CR-1 CR-2 CR-3 


FUELING 

MODE 


PILOT PILOT PILOT 
& & & 
MAIN MAIN MAIN 

• 

INLET 

PRESSURE 

ATM, 

U.76 

U.78 R.66 U.66 


PUEL-AIR 

RATIO-PILOT 

.0100 

.0032 .OOUl .0062 


FUEL— AIR 
RATIO-TOTAL 

.0227 

.0209 .0209 .0212 

i 

CO - E.I. 

k.7 J 

18.6 13.8 12. U 


--THa -E,I. 

-0- 

0.3 Q.2 Q.3_ 


NO-y - E.I. 

10.1 



SMOKE NO. 




COMBUSTION 

EFFICIENCY 

^ 1 

99.9 

99.5 99.7 99.7 


EATTERB 

FACTOR 

0.31 

0.38 0.36 0.28 


CO - EPAP 
_ CONTRIBUTION 

0.27 




THC - EPAP 
CONTRIBUTION 

-0- 







_ DATA CORRECTED TO ENGINE PRESSURES: 

_ CO - E.I. 

0.2 



_ THC - E.I. 

-0- 



:iOv - E.I. 

Emmm 



COMBUSTION 
EFFICIENCY 
— % 

100 

99.7 99.8 99.9 


CO - EPAP 
_ CONTRIBUTION 

0.01 




THC - EPAP 
_ CONTRIBUTION 

— 0— 




NOx - EPAP 
_ CONTRIBUTION. 

1.52 





CCMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS 
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APPENDIX D-lO-a 

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A-10 
- . TEST RIG DATA 

ZNGIKE 
. COIIDITION 

IDLE 

APPROACH 

CLIMBOUr 

IKKK-CV? 

PilADING 
, NUMBER 

El 

APP-l APP-? APP-3 APP-1* APP-5 APP-6 

CL-1 CL-2 CL-3 CL-1* 

TO-1 TO-2 TO-3 

FUELING 

MODE 

PILOT 

ONLY 

PILOT pilot" pilot' PILOt" PILOT 

only main main main main main 

PILOT PILOT PILOT PILOT 
P. & ft tc 

MAIN MAIN MAIN MAIN 

PILOT PILOT PILOT 
& & & 
MAIN MAIN FAIN 

INLET 

PRESSURE 

ATM, 

1 

2.93 

3 .I 4 O 3.U2 3.1»0 3.U0 6.82 6.82 

U.77 U .78 U.79 U .76 

1*.78 1*.77 1*.77 

FUEL-AIR 
. RATIO-PILOT 

.0110 

.OUiO .001*0 .0070 .0103 .0069 .0107 

.0030 . 001*2 .0063 .0080 

.0031 .OOUl .0061 

FUEL— AIR 
. RATIO-TOTAL 

.0110 

. 011*0 .0138 .0138 .0137 . 011*2 .011*3 

.0208 .0219 .0202 .0209 

.0227 .0228 .0228 

:o - E.i. 

17.6 

19.5 92.7 65.5 53.3 1*9.6 36.8 

13.6 10.2 9.7 11*. 2 

7.2 L.9 li.O 

- THC -E*I. 

:itr 

0.3 53.5 30.5 2U.6 21.8 15.7 

0.1 0.1 0.1 0.3 

-0- -0- -0- 

NO Y — E • I • 

msm 


6.2 _6.2 7.2 7.9 

7.5 7.7 8.6 

SMOKE NO. 

1. 

1 . — — — 1 . 1 . 




COMBUSTION 

EFFICIENCY 

__ ^ 

99.U 

99.5 92.5 95.1* 96.3 96.7 97.6 

99.7 99.8 99.8 99.6 

99.8 99.9 99.9 

PATTERN 
_ FACTOR 

0.80 

0.99 0.90 0.65 0.87 0.60 0.70 

0.1*5 0.37 0.32 0.28 

0.1*1 0.1*0 0.37 

CO - EPAP 
CONTRIBDTION 

2. 43 

i 

1.78 8.1*5 5.97 U.86 1*.52 3.36 

2.02 1.52 1 . 1 * 1 * 2.11 

O.m 0.28 0.23 

THC - EPAP 
CONTRIBUTION 

0.19 

0.03 1*.88 2.78 2.21* 1.99 1.1*3 

0.02 0.02 0.02 O.Ot* 

•0— —0— —0— 

DATA CORRE 

CTED T 

0 ENGIITE PRESSURES: 


CO - E.I. 

Il7.9 i 


“375 179 TTt 37^ 

0.7 0.2 0.1 

THC - E.I. 

■BMi 

- 0 - 15.6 e.9 7.2 12 . B 9.2 

-0- -0- -0- 0.1 

•0— —0— —0— 

_ NOv - E.I. 1 

BSE 

B.6* 1*.8 7 A loll 0 

aaEB90Ha»EaBi 

iHMi rwi PTBB 

COMBUSTION 
EFFICIENCY 
^ 

99.U 

100 96.8 98.0 98.1* 97.7 98.1* 

99.9 100 100 100 

100 100 100 

CO - EPAP 
CONTRIBUTION 

P.IJi 

0.17 6.52 1*.29 3.31 3.79 2.70 

0.51' 0.29 0.26 0.56 

0.01* 0.01 0.007 

THC - EPAP 
CONTRIBUTION 

0.19 

-0- 1.1*3 0.81 0.65 1.17 0.81* 

0.003 0.003 0.003 0.008 

— 0— — 0— — 0— 

NOx - EPAP 
CONTRIBUTION. 

0.U6 

0.78* 0.1*1* 0.67 0.92 0.62 0.90 

2.21* 2.15 2.61 2.88 

1.11 1,15 1.26 

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 


* — P*^ NQ^ EITRAPOLATION TO ENGINE PRESSURE 


a — ALTERNATE MAIN INJBCTC«S FUELED 
































































APPEaroiX D-10-b 

GE DOTOLE/ANNULAR CONFIGURATION D/a- 10 cont. 


1. TEST RIG DATA 


TAKE-OFF 


! 

s 

ENGINE 


CONDITION 

! 

READING 

i 

NUMBER 


FUELING 

MODE 


INLET 

HU8SURE 

ATM, 


FUEL-AIR 

RATIO-PILOT 


FUEL-AIR 

RATIO-TOTAL 


- E 


SMOKE NO. 


COMBUSTION 



1+.76 6.82 


.0081 .0080 


.0229 .0229 


SicHHSi] 




SPPICIENCY 99.9 99.9 



CCMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE COOTITIONS 
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APraWDDC'D-11-a 


GE DODBLE/AlOroLAR CCHBUSTOR DATA, COSPIGDRATION D/a 11 


TEST RIG DATA 



IDI£ 

APr ROACH 

C14MBOUT 

HEADING 

NUMBER 

g 

APP-l APP-2 APP-3 APP-U APP-5 APP-6 APP-7 APP-8 APP-9 APP-10 

CL-1 

CL-2 

CL-3 

FUELING 

MODE 


PILOT 

ONLY 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

Sc 

MAIN 

PILO^ 

Sc i 
MAIN 

PIU>I 

& ^ 
MAIN 

PILo/ 

Sc i 
MAIN 

PILof 

Sc i 
MAIN 

r 

PILOT 

Sc i 
MAIN 

PILOT 

Sc 

MAIN 

PILOT 

Sc 

MAIN 

PILOT 

Sc 

KaIN i 

INLET 
PRESS URE 
ATM. 

m 

3.1|2 

3-lfi 

3.41 

3.42 

6.80 

3.40 

3.39 

3.40 

6.80 

6.79 

4.76 

4.76 

4.78 

FUEL-AIR 
. RATIO-PILOT 

.0110 

.0138 

.0031 

.0070 

.0112 

.0035 

.0031 

.0070 

.0111 

.0070 

.0110 

.0033 

.OOI42 

.0061 

FUEL-AIR 

ratio-total 

.0110 

.0138 

.0137 

.0138 

.0139 

.0138 

.0137 

.0139 

.0139 

.0139 

.0139 

.0214 

.0214 

.0212 

( 




1M). 


68.1 



2fl.fi 

L7.7 

ifi .0 

flfi .2 

L.L 

3.0 

2-7L ! 


wmm 

__ 0.1 

15.^8 


flO.2 

11i.L 

1?.8 


lli.2_ 

1.0 

10.7 . 

0.1 

0.1_ 

-0^. _ 


Kiel 

_ 6.6_ 

1-7 

- 2.9 


2.2 

- 

L .11 

fi.7 

fi.q 

7.8 

6 .L 

6.9 

7.9 

SMOKE NO. 

_ 1 u 

u 

PPPW 

iiil 

iPIW 

PiW 

mmii 

bmh 

upmi 

PIW 

BB9I1 

PPW 

bnh 

EBBIliin 

COMBUSTION 

EFFICIENCY 

It 

99.3 

99.6 

93.1 

93.0 

95.4 

95.2 

97.4 

99.2 

97.5 

99.4 

98.1 

99.9 

99.9 

1 

99.9 

1 

PATTERN 

FACTOR 

i.oii 

1.07 

o.uo 

0.61 

1.03 

0.43 

1.30 

0.91 

1.18 

0.86 

1.14 

0.38 

0.39 

0.27 j 

:0 - EPAP 

CONTRIBUTION 

2.81 

1.68 

12.80 

9.58 

6.21 

8.25 

4.97 

2,14 

4.35 

1.46 

3.30 




THC - EPAP 
CONTRIBUTION 

0.3U 

0.01 

3.27 

4. 11* 

2.75 

1.29 

1.17 

0.23 

1.30 

0.16 

0.98 

0.02 

0.02 

-0- 1 

DATA CORRECTED TO ENGINE PRESSURES 












ma 

1..7 

116 

82.7 

1)^-3 

.30.6 


ll.fl 


10.3 

29 ^ 

0.2 

n^i 

0.1 , 


mm 

- 0 - 



8..8 


S 

0.7 

’4-L - 

1^1 _ 

6.3 

- 0 ^__ 

-Q-__ 

-Q_- 1 


mm 


3-1? 


9-1 

2.8 


8.J, 

10.7 

7 .7 _ 

10 .'^ 

15.1 

ic :.8 

18 .), 1 

COMBUSTION 
EFFICIENCY 
_ _ 96 

99.3 

100 

96.3 

96.7 

98.0 

97.3 

98.8 

99.7 

98.9 

99.6 

98.7 

100 

100 

1 

100 ; 

CO - EPAP 

_ CONTRIBUTION 

2.80 

0.15 

10.5 

7.54 

4.50 

7.35 

3.40 

1.08 

2.87 

0.98 

2.64 

0.03 

0.01 

0.01 ^ 

THC - EPAP 
_ CONTRIBUTION 

0.3U 

0.003 0,95 

1.21 

0.80 

0.75 

0.34 

0.07 

0.38 

0.10 

0.57 

0.003 0.003 

- 0 - 

- ETAP 

CONTRIBUTION. 

o.W* 

0.79* 0.30 

0.51 

Q.83 

0.25 

0.53 

0.76 

0.98 

0.70 

0.94 

2.24 

2.35 

2.74 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.- 
* __ p*2 NO EXTRAPOUTION TO ENGINE PRESSURE 

X 


# ~ 15 INJECTCR SECTOR FUELED ON MAIN 








































I 


) 


APPEaiDIX D-11-1) 

GE LOUBLE/ANiroLAR COHPIGDRATION Va -11 cont. 


1 . TEST RIG DATA 


CLIMBODT 


ENGINE 

CONDITION 


BEADING 

HDMBER 


FUELING 

MODE 


INLET 

PRESSURE 

ATM, 


FUEL-AIR 

RATIO-PILOT 


FUEL-AIR 

RATIO-TOTAL 


jCL— 1| 



U .78 


.0082 


.0212 


TAKE-OPP 


TO-1 TO-2 TO-3 TO-U TO-5 


PILOT PILOT PILOT PILOT PILOT 
& & & St ^ 

MAIN MAIN MAIN MAIN MAIN 


U .78 U .77 U .76 U .79 U .76 


.0031 .0036 .OOI 4 I .0062 .0082 


.0228 .0229 .0229 .0229 .0230 


COMBUSTION 

EFFICIENCY 99.9 99.9 100 100 100 100 


PATTERN 

FACTOR 

CO - EPAP 
CONTRIBUTION 


THC - EPAP 

'CONTRIBUTION 


0.30 o.uo 0.14* 0,38 0.29 0.25 


0.67 0.15 0.13 0.11 0.08 0.09 


0.006 —0— —0— —0— — 0— 


0.02 


DATA CORRECTED TO ENGINE PRESSURES 


COMBUSTION 
EFFICIENCY 100 


CO - EPAP 
CONTRIBUTION 


THC - EPAP 
CONTRIBUTION 


NOx - EPAP 02 
CONTRIBUTION, r* 


NO CRUISE DATA OBTAINED 




100 

100 

100 

100 

100 

o.oou 0.003 0.003 

0.002 

0.002 

0.001 

-0- 

—0— 


-0- 

1.13 

1.19 

1.20 

1.35 

1 .U 3 



COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS 


# 


15 INJECTOR SECTOR FUELED ON MAIN 
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APraaroix D-12 -a 


GE OODBLE/AENULAR CCKBDSTOS MTA, configurations d/a 12 a & b 


TEST RIG DATA 



nsii 

IDLE 

APPROACH 

CLIMBODT 

TAKE-OFF 

PJUDING 

NUMBER 

a 

m 

APP -1 

APP -2 APP -3 APP- 1 * APP -5 

M il M 

CL-1 

^ _ 

CL -2 

CL -3 

CL-I4 

CL -5 

TO -1 

TO -2 

FUELINC 

MODE 

i 

PILOT 

ONLY 

PILOT 

ONLY 

n 

PILOT 

& i 

MAIN 

PILOT 

& ^ 
MAIN 

r PI 

PILOT 

& ^ 
MAIN 

1 

PILOT 
& i 

MkJS 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

INLET 

■■■ 















PRESSURE 

ATM. 

2.93 

2 . 91 * 

3 . 1*1 

6.75 

6.77 

6.80 

6.78 

1*.76 

1*.76 

1*.77 

1*.77 

l *.76 

1*.77 

1*.78 

FUEL-AIR 

RATIO-PILOT 


,0110 

. 011*3 

.0057 

.0072 

.0092 

.0112 

.0025 

.0031 

. 001*1 

.0062 

.0083 

.0032 

.0036 

FUEL— AIR 
, RATIO-TOTAL 

QQI 

.0110 

. 011*3 

.01 U 3 

. 011,2 

. 011*2 

. 011*1 

.0216 

.0213 

.0215 

.0215 

.0216 

.0236 

.0233 

20 - E.I. 

9 SVSI 

RKB 

mrnm 


RSIS 


IRV 

r 

e .9 

7-2 

L .6 

li-O 

6.5 

li.li 


THC -E.I. 

wm 

mm 

0 -^ 

2.11. 

2.1 

mm 

KIC: 

1 

0.2 

0.2 

0.2 

0.2 

0-2 

O.L 

- 0 - 

ITO^ - E.I. 

am 

aai 


9.1 

9. .9 

6.7 

7.6 

6.9 

6.9 

6.6 

7.9 

8 .L 

7.6 

7.9 

SMOKE NO. 

wm 

1 . 

1 . 


2 . 

2 . 

J 3 U_ 




COMBUSTION 
















EFFICIENCY 

98.7 

99.2 

99 . 1 * 

99.1* 

99.3 

98.5 

97.7 

99.8 

99.8 

99.9 

99.9 

99.8 

99.9 

99.9 

EATTERK 

_ FACTOR 

1,16 

1.27 

1.05 

1.16 

1.02 

0.86 

1.01* 

0.1*1 

0.33 

0.36 

0 . 3 U 

0.31* 

0.1*1 

0.38 

CO - EPAP 
.. CONTRIBUTION 

3 . 1*1 

2.96 

2.25 

1.1*6 

1.91 

3.1*1 

3.68 

1.32 

1.07 

0.68 

0.59 

0.97 

0.25 

0.19 

THC - EPAP 
CONTRIBUTION 

0.97 

0.38 

0.03 

0.22 

0.25 

0.60 

1.26 

0.03 

0.03 

0.03 

0.03 

0.03 

0.02 

- 0 - 

' < 

:CTED 

TO EMG 

INE PRESSURES: 


CO - E.I. 

isaa 

wmm 


10.8 

19.1 

30.1 

92.8 

iJj 

Q^q 

0-3 

0 ^ 

0.7 

0 ^ 

0.1 

THC - E.I. 

mm 

aai 

(L.l__ 

i.ii^ 

1.6 

3-8 

8.0 

O.OL 

D-QL. 

O.Oli 

o.oii 

Q-Oli. 

_Q -06 

- 0 - 


KWH 

^.2 

8 . 8 * 

6.q 

7.7 

8.8 

IQ.Q 

19.8 

1L.7 

111.8 

17.9 

21.9 

19.8 

20.1 

CCMBUSTION 
















EFFICIENCY 

H, 

98.7 

99.2 

99.9 

99.6 

99.5 

98.9 

98.U 

100 

100 

100 

100 

100 

100 

100 

CO - EPAP 
CONTRIBUTION 

3 . 1 *i* 

3.00 

0.31 

0.98 

1.37 

2.75 

2.99 

0.21 

0.13 

0 . 01 * 

0.02 

0.10 

0.01 

0.005 

THC - EPAP 
CONTRIBUTION 

0.97 

0.39 

0.008 0.13 

0 . 11 * 

0.35 

0.73 

0.006 0.006 0.006 0.006 0.006 

0.003 

-0- 

NOx - EPAP 
CONTRIBUTION. 

0 .U 6 

0 .U 3 

0.80* 0.63 

Q.71 

0.80 

0.91 

2 . 31 * 

2.18 

2*20 

2.61 

3.26 

1.13 

1.15 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
* __ p*2 NO^ EXTRAPOLATION TO ENGINE PRESSURE 


# — 15 INJECTOR SECTOR FUELED OK MAIN 
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APPEaroiX D-12-b’ 

GE DODBLE/AENDLAR COMPIGUHATIQN l/A-12-b oont. 


TEST RIG DATA 


ENGINE 

COIDITION 

TAKE-OFF 

NO CRUISE DATA OBTAINED 

READING 

LUMBER 

TO -3 TO-U TO -5 


FUELING 

MODE 

PILOT PILOT PILOT 
& & & 
MAIN MAIN MAIN 

• 

INLET 

pressure 

ATM, 

I 

U .77 U .78 U .78 


FUEL— AIR 
. RATIO-PILOT 

.001*2 .0062 .0082 


FUEL— AIR 

, RATIO-TOTAL 

.0236 . 023 U . 023 U 

1 

CO - E.I. 

2-q 2„o 2.1 


TKC -E.I. 

0^1 0.J 1 


NOv - E.I. 

■WCTwawi 


SMOKE NO. 

lifeBEBIIIillEE&EIIESEBI 


COMBUSTION 

EFFICIENCY 

99.9 100 100 


PATTERN 

^ FACTOR j 

0.35 0.35 0.35 


CO - EPAP 
_ CONTRTBCTION 

0.17 0.11 0.72 


THC - EPAP 
CONTRIBUTIOM 

0.006 0.006 -0- 


, 2. DATA CORRECTED TO EIJGINE PRESSURES: 

_ CO - E.I. 

EffiiKFEaEIEia 



0„02 0.02 -0- 


_ NOv - E.I. 

19.33 22. L2 2L.88 


COMBUSTION 
EFFICIENCY 
^ 

100 100 100 


CO - EPAP 
_ CONTRIBUTION 

.0001* 0.003 0.003 


THC - EPAP 
_ CONTRIBUTION 

1 

? 

1 

0 

1 

1 

0 

1 

• 

NOx - EPAP 
_ CONTRIBUTION. 

1.10 1.28 1.1*2 



C(HBUST 0 R INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE C 0 N 7 JITI 0 NS. 
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I 


* 


i 

: 

G] 

‘ 1. TEST RIG DATA 

R1 

APPENDIX D- 13 -a * 1 

DOUBl^ANNULAR COMBUSTOR DATA, CQNFIGURATI(» D/A I 3 

I 


ENGINE 

! . CONDITION 

ID1£ 

APPROACH 

CLIMBOUT 

TAKE-OW 


a 

APP-l APP-2 APP-3 APP-U APP-5 

K if 1 

CL-1 CL-2 CL-3 CL-1* 

I 

TO-1 TO-2 TO-3 TO-1* 

FUELING 

MODE 

PILOT 

ONLY 

t.T,«n oTTnm PILOt" PILOt" PILOT 
PIWT PILOT 41 41 4 1 

ONLY ONLY „aIN MaL Ma!n 

PILOT PILOT PILOT PILOT 

St & it Si 

MAIN MAIN MAIN MAIN 

PILOT PILOT PILOT PILOT 
St St St St 

MAIN MAIN MAIN MAIN 

INLET 

PRESSURE 

ATM, 

2.93 

3.1*5 6.8U 6.80 6.82 6.83 

U .72 U. 7 I* U .75 1*.73 

2.72 1*.76 1*.72 1*.72 1 

FUEL-AIR 
. RATIO-PILOT 

.0110 

.OH 4 O .O 1 I 4 O .0030 .0060 .0085 

.0030 . 001*1 .0061 .0082 

.0063 .0025 .0036 .0038 ^ 

FUEL— AIR 

{ RATIO-TOTAL 

.0110 

.OIl^O ,01140 ,011|0 . 01 I 4 I .0139 

.0210 .0212 .0212 .0211* 

.0232 .0233 .0231 . 0231 * 

‘ 20 - E.I. 

19.2 

2 I.il 9.7 li7.7 16.8 28.5 

10^7 5,5 ii.il 7.0 

5,2 8.2 ii.9 I 1.9 

.. IHC -E.I. 


0.1 0.1 12.8 I 1 .I. li.il 

0®1 —0— —0— 0u1 

—0— —0— —0— —0— i 

iIO V — E.I. 


6.3 8.3 U. 3^ I 1.6 5,7 

5.3 5.3 6.1 6.9 

5.6 7.1 6.8 6.9 f 

SMOKE NO. 









COMBUSTION 

EFFICIENCY 

K> 

99.3 

99.1* 99.8 97.6 99.2 98.9 

99.7 99.9 99.9 99.8 

99.9 99.8 99.8 99.9 

EATTERR 
_ FACTOR 

1.19 

1.16 1.20 1 . 1*0 0.98 0.75 

0 , 1*0 0 . 1*1 0.36 0.28 

0.51 0.1*3 0.1*3 1 

30 - EPAP 
. CONTRIBDTION 

2.62 

2.13 0.86 1*.35 1.53 2.60 

1.59 0.82 0.65 1.01* 

0.30 0 . 1*7 0.28 0,28 

IHC - EPAP 
CONTRIBUTION 

^yrr»wM. 

0.30 

0.01 0.01 1,17 0.37 0 . 1*0 

0,01 -0- -0- 0.01 

•>0— —0— —0— —0— 


-». DATA CORRECTED "0 t^TIGIins PRESSURES ; 


_ 30 - E.I. 

19.3 



.39.1) 

11. 


2.1 

Q,li 

0^2 

o.a_ 

0^1 

_ l.Q 


0.2 

_ THC - E.I. 

2.2 

-Q_._ 

0^1 


2Ja. 

. 2.6 

-0- _ 

-0- 

. .-0- 

-0- 

-0- 

-0- 

-Q- 


NOv - E.I. 


d,9* 

a.a* 

6.0 

6.i 

8.Q_ 

13,8 

n.i 

1ii.9 

17. L 

19.ii 

18.6 

1S.6 

18,9 ' 

COMBUSTION 















EFFICIENCY 



99.3 

99.9 

99.9 

98.3 

99.5 

99.2 

100 

1Q0 

100 

100 

100 

100 

100 

100 

CO - EPAP 
^ CONTRIBUTION 

2.61* 

0.28 

0.30 

3.63 

1.05 

2.01 

0.31 

0.06 

0.03 

0.12 

0.007 0.06 

0.01 

0.01 

THC - EPAP 
^ CONTRIBUTION 

0.30 

jo. 003 0.005 0.68 

0.22 

0.23 

0.003 

-0- 

-0- 

0.003 

-0- 

-0- 

-0- 

-0- ^ 

NOx - EPAP 
. CONTRIBUTION 

0.1*1 

0 

• 

00 

0.80* 0.55 

0.57 

0.73 

2.05 

1.97 

2.22 

2.59 

1.11 

1.06 

iT^ 

1.08 1 


J 

\ 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIOIB. 
* — p*2 NO EXTHAPOUTION TO ENGINE PRESSURE 

X 

# — 15 INJECTOR SECTOR FUELED ON MAIN 


I 


I 

























I 


^ % 


I 
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APPENDIX D-13-b* 

GE DODBLE/ANNULAR CONFIGURATION D/A-13 oont. 


1. TEST RIG DATA 



CCMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS 
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APPliNDIX 

(S DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A Ui-a 


1. TEST RIG DATA ’I 


ENGINE 
. CONDITION 

IDLE 

APPROACH 

CLIMBOlfT 

TAIE-(FF 

BEADING 

ID-1 

APP-1 APP-2 

APP-3 APP-U AFP- 5 I 

CL-l 

CL-2 

CL-3 

CL-4 

TO-1 

TO-2 

TO-3 

TO-4 

_ NUMBER 



















PILOT 

PILOT 

Pii/rr 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

PILOT 

FUELING 

PILOT 

1 PILOT PILOT 

& 

& 

Kf 

St 

it 

it 

it 

it 

it 

it 

A 

MODE 

ONLY 

ONLY 

ONLY 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

MAIN 

INLET 















PRESSURE 

?.91 

3.U1 

6.80 

6.60 

6.80 

6.80 

9.53 

9.51 

9.53 

9.54 

9.56 

9.60 

9.54 

9.53 

ATM, 















FUEL-*AIR 

.OUO 

.olUo 

.OlliO 

.0031 

.0062 

.0091 

.0025 

.0031 

.0041 

.0062 

.0021 

.0031 

.0042 

.0063 

RATIO-PILOT 















FUEL-AIR 

.0110 

.oiuo 

.OlUO 

.OlUl 

.01U2 

.OUil 

.0217 

.0216 

.0217 

.0217 

.0234 

.0234 

.0236 

.0235 

. RATIO-TOTAL 















CO - E.I. 

26.9 

22. U 

11.2 

101. 


71.5 

6.0 

4.4 

3.0 

2.4 

6.U 

4.3 

?i4 

U9 

THC -Eal. 

n!i 

0.7 

0.5 

2?.0 

Earn 

IBfli 

0.1 

- 0 - 

-u- 

-0- 

0.2 

0.1 

0.1 

0.1 

. NOv - E.I. 

mm 


7.6 

3.5 

U.9 

5.7 

iYtJf 

ToX“ 

16.7 

11. r 

1?.? 

i?.i 

12.5 



Efi 

1. 

-6- 





— 

. — - 

1. 

— 


-0- 

— 


COMBUSTION 















EFFICIENCY 

fo 

99.0 

99 

99.7 

95. U 

95.1 

9h,U 

?9.9 

99.9 

99.9 

99.9 

99.8 

99.9 

99.9 

100 

lATTERN 

1.10 

1.15 

1.36 

0.58 

0.58 

0.89 

0.50 

0.47 

0.45 

0.40 

0.58 

0.57 

0.52 

0.44 

^ FACTOR 















CO - EPAP 

3.67 

2.06 

1.03 

9.28 

8.05 

6.57 

0.89 

0.65 

0.45 

0.36 

0.37 

0.25 

0.14 

0.11 

_ CONTRIBUTION 















THC - EPAP 

0.52 

0.06 

O.Oli 

2.01 

2.60 

3.59 

0.01 

-0- 

-0- 

-0- 

0.01 

0.006 0.CG6 0.006 

COI^IBUTION 









BaBSE 





.. 1 


_ .1, DATA cokp:: 

CTED TO EIJCIIFE PRESSURES 

: 










CO - E.I. 

[W:f] 

~77T 


■IGTT" 

-rnr 

TT7T 

THT"’ 


o.u 

0.3 

mam 

0.6 

0.2 

0.2 

_ rac - E.I. i 

BBS! 


0*3 

l?.b 

16.6 


O.ou 

-0- 

-0- 

-0- 

KZKa 

BZSH 


0.63 

NOy - E.I. 

mm 


‘OF' 

U.7 

6.P 

7.7 

117.01 16.99 17. 19.1?! 


EfiiSia 


COMBUSTION 















EFFICIENCY 

99.1 

99.9 

99.9 

96.1» 

96.5 

96.3 

100 

ICO 

ICO 

ICO 

ICO 

100 

100 

100 

CO - EPAP 

3.66 

0.25 

0.35 

9.25 

7.15 

5.72 

0.21 

0.11 

0.06 

0.05 

0.08 

0.03 

0.01 

0.01 

CONTRIBUTION 















THC - EPAP 

o.Ul 

0.02 

0.0? 

1.17 

1.51 

2.09 

0.006 

-0. 

-0- 

-0- 

0.003 0.002 

0.002 

0.002 

CONTRIBUTION 















NOx - EPAP 

o»Uii 

0.69* 0.77« 0.U3 

0.59 

0.71 

2.53 

2.53 

2.61 

2.84 

1.23 

1 . 2 ? 

1.20 

1.28 

CONTRIBUTION. 


1 














COMBUSTOR INLET TEJG^ATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
* — P*^ NQj^ EXTRAPOLATION TO ENGINE FRESSURE 




































































APPENDU D-ll*-b . 

0£ DOUHLE/ANNULAR CQNPxGURATION D/A-m-a eont 


1. TEST RIG DATA 


CONDITION 


BEADING 

NDMBER 


FUEL— AIR 
RATIO-PILOT 


FUEL— AIR 
RATIO-TOTAL 


THC — E.I 


SMOKE NO 


COMBUSTION 


CRUISE 

CR-1 

CR-2 

CR-3 

CR-U 

PILOT 

PILOT 

PILOT 

PILOT 

& 

& 

& 

& 

MAIN 

MAIN 

MAIN 

MAIN 

U.76 

Iu76 

U.78 

U.78 

.0031 

.00U2 

.0062 

.0083 

.02114 

.0213 

.0213 

.0213 


99.6 

99.7 

99.7 

99.6 

0.51 

0.50- 

0.50 

0.56 


ONTRIBUTION 


DATA CORRECTED TO EKGIIJE PRESSURES 


P.8 


C - E, 


9 11.1 


CCMBUSTION 

EFFICIENCY 99.8 99.9 99.9 99.8 


ONTRIBUTION 


CONTRIBUTION 


CONTRIBUTION 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NCMINAL ENGINE CONDITIONS 
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' APPENDIX D-15 • 

GE DOUBU/ANNULAR COMBUSl'QR DATA, CONFIGURATIGN O/A lii-b 


1. TEST RIG DATA 


ENGINE 

CONDITION 


BEADING 

NUMBER 


FTJELim 

MODE 



IDLE 

APPROACH 

ID-1 

APP-1 APP-2 APP-3 

PILOT 

PILOT PILOT PILOT 

ONLY 

ONLY ONLY ONLY 

2.93 

3.U0 5.08 6.77 

.0110 

.OlUO .OlUO .OlUO 

.0110 

•OlUO .OlUO .OlUO 



97.0 

99.2 99.5 99.6 

1.68 

1.30 1.23 iJiS 

6.U2 

2.96 1.87 l.UD 

2.65 

0.03 0.01 0,02 


CO^fflUSTION 

EFFICIENCY 

i, 


ZATTERN 

fACIQR 


CONTRIBDTIO; f 


THC - EPAP 
CONTRIBUTION 


2 . DATA CORRECTED TO ENGINE PRESSURES 



COMBUSTION 

EBTICIENCY 


CO - EPAP 
CONTRIBUTION 


THC - EPAP 
ONTRIBUTION 


NOx - EPAP 
CONTRIBUTION 


NO CLIMBOUT, TAKE-OFF OR CRUISE DATA OBTAINED 




lEM 



96.9 

99.8 99.9 99.9 

6.U5 

0.58 0.U1 0.U7 

2.66 

0.008 O.OOU 0.011 

0.U2 

1 

0.75* 0.8C'* 0.82* 



COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CO.n)ITIOHS, 
« — p*2 NO EXTRAPOUTION TO ENGINE PRESSURE 


a 
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APPENDIX E 

This appendix contains summaries of test rig data for all of the General 
Electric radial/axial combustor configurations evaluated in P’ujse II of the Ex- 
perimental Clean Combustor Program. Data are presented in two groupings: 

1. Test Rig Data - In this section, data are presented as they were ob- 
tained in the test rig with one exception. In setting test point conditions, It 
was rarely possible to operate picrisely at th'* design point fuel-air ratio. 
Thus, when more than fuel-air ratio was investigated at a test condition, the 
general procedure used was to plot the emissions against fuel-air ratio and 
determine emission levels at the design point fuel-air ratio by interpolation. 
When only one fuel-air ratio was investigated at a test condition, emission 
levels at that value are reported. 

2. Data Corrected to Engine Pressures - Correlations which were used 
to extrapolate test rig data to engine conditions are contained in the Data 
Correlation Procedures section of the report. Calculations of EPAP values 
were made according to the procedures described in the EPAP Calculaticms 
section of the report. 
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APPENDIX E-1 








1 



G£ RADIAL/AXIAL COMBUSTOR DATA, CONFIGURATION R/A-1 






1 . TEST RIG DATA 











’1 




















ENGINE 

CONDITION 

IDLE 

APPROACH 

^ CLIMBOUT 

BEADING 
- KXJMBER 


B3 

APP-1 APP-? 

APP-3 AFP-1* APP-5 APP-6 APP-7 APP-8 APP-9 AFP-lO 

- - - -A A. 

OL-l 

CL-2 


FDELIHG 

MODE 


gj 

PILOT 

ONLY 

PILOT 

ONLY 

PILOT PILOT 
ONLY 4 * 
MAIN 

^ i* PILOT'^PILOT'TILOrFILOT" 

PILOT PILOT 4^ 4i 4^ 4j 
4 i i MAIN MAIN MAIN MAIN 

MAIN MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 


IKLET 

PRESSURE 

ATMo 

2.91 

2.89 

3.ll2 

3.U2 

6.85 

3.1»2 

6.87 

3.U2 

3.U2 

6.83 

6.87 

3.1iO 


B 


PDEL-AIR 

RATIO-PILOT 

.0110 

.0115 

.0137 

.0138 

.0139 

.0038 

.0058 

.0059 

.0057 

.0057 

.0073 

.0071* 




FDEL-AIR 

RATIO-TOTAL 

.0110 

.0115 

.0137 

.0138 

.0139 

.0137 

.0137 

.0139 

.0137 

.0138 

.0138 

.0139 

.0208 

.0206 

CO - E.I. 



29-6 

27-9 

11-6 

106. 

87-2 

97.0 

111. 

101. 

99.7 

107. 

mm 


THC -Ea. 




0-C 

O-li 

170. 

.73.0 

87.2 

1^5. 

100. 

69.0 

93.9 




NO, - E.I. 


2.-? 

lull 

^.3 

6.3 

2.3 

li.O 

J.2 

1,1 

li.O 

6.1 

h3 




SMO.CE NO. 



PPPWl 

PPW 

i— 

PPPPM 

PWPM 

msm 

PPPf 

PPPW 






COTiBUSTIOH 

StTICIENCY 

9ii.5 

95.1 

99.1 

99.3 

99.7 

80.6 

90.7 

89.0 

81.9 

87.6 

«>o.e 

88.1 

97.1 

98.1 ! 


ZATTERN 

factor . 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 


wmSm 

12.1j3 11.85 

2.70 

2.5U 

1.06 

9.67 

7.95 

8.95 10.12 

9.19 

9.09 

9.76 

9.65 

8.06 

s 

THC - EPAP 
CONTRIBUTION 

U.6U 

3.97 

0.23 

0.05 

0.01* 15.1*7 

6.66 

7.95 ll*.ll* 

9.15 

6.29 

8.56 

2.05 

1.00 


DATA CORRE 

CTED TO EiNGL 

tlE PRESSURES 

1 











CO - E.I. 



Kfn 

mmm 

2.7 

13.7 

YTJ~ 

mm 

|;Tjq| 

liEfiS 

IsSEQIi 

KQsai 

vmm 



THC - E.I. 

Kini 


ram 

Of? 

Q.2 


mm 

umm 




mam 



JfOv - E.I. 

mwm 


_ 5.5» 



mmm 

mffm 

mrm 

Kffii 

Kffii 


mam 




COMBUSTION 
EFFICIENCY 
_ 56 

9U.5 

95.1 

99.8 

99.9 

99.9 

93.1 

93.9 

95.7 

93.1* 

92.1 

93.9 

95.5 

98.8 

99.1 : 

i 


CO - EPAP 
CONTRIBUTION 

l?.ljO 11.77 

0.1*8 

0.1*2 

0.25 

7.73 

7.07 

6.88 

8.05 

7.79 

8.17 

6.98 

^10 

l*.79 ! 


THC - EPAP 
CONTRIBUTION 

U.63 

3.93 

0.07 

0.01 

0.02 

U.52 

3.91 

2.33 

U.13 

5.3U 

3.69 

2.1*9 

0.38 

0.18 : 
j 


NOx - EPAP 
CONTRIBUTION. 

0.28 

0.31 

0,50» 0.58« 0,63» 0.1*0 

0.1*8 

0.5U 

O.Ub 

0.1*9 

0.73 

0.77 

1.71 

2.52 ! 


COMBUSTOR 

INLET 

TEMPERATURE 

and REFERENCE VELOCITY AT NCMINAL ENGINE 

CONDITIONS. 




« 

* — 

4> — 

& ~ 

NO^ EXTRAPOLATION TO ENGINE PRESSURE 
ALTERNATE PILOT INJECTORS FUELED 
ALTERNATE PILOT AND ALTERNATE MAIN INJECTORS FUELED 

ALTERNATE MAIN INJECTORS F^JEIED 




-4 

? 

1 
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APPENDII E-l-b 

OE RADIAL/ AXIAL CONnO^IRATION R/A-1 cont. 


U TEST RIG DATA 


CLIMBOOT 


ENGINE 

CONDITION 


BEADING 

HUMBER 


FDELHK} 

MODE 


INLET 

HRESSDRE 

ATM- 


FDBL^AXR 

RATIO-PILOT 


FUEL— AIR 
RATIO-TOTAL 



TAKE-OTF 


TO-1 TO-2 TO-3 TO-U TO-5 TO-6 TO-7 TO-8 


PILOT PILOT PILOT PILOT PILOT 
& & & & & 

MAIN MAIN MAIN MAIN MAIN 


PILOT PILOT HLOr 
& & & 
MAIN MAIN MAIM 


9.59 U.72 9.59 U.78 U.75 Uo8o U.79 U.80 


.0068 .0038 .0038 .0057 .0058 .0077 .0030 .0038 ,00U9 


.0225 .0231 .0222 .0228 .0226 .0229 .022^ .0231 


0.2 2 


SMOKE NO. 


CCMBDSTION 
EFFICIENCY 98.9 
K, 


EATTERB 

factor 

30 - EPAP 
CONTRIBOTION 
THC-EPAP 1 0.36 



ONTRIBDTION 


?. DATA CORRECTED TO E'ICIDE PRESSURES 


99.3 98.9 99.7 99.6 99.2 96.U 98.2 98.9 


1.32 1.81 0.78 0.97 0.76 3.03 2.19 1.65 


0.09 0.19 0.01 0.02 0.01 1.37 0.53 0.22 


NO CRUISE DATA OBTAINED 



imraB 

_o^ 

12.0 

-lit?- 

..P»5 

11.7 

Sil. 

0.06 

21.8 

,Jit7 

0.06 

_UA. 

3.0 

0.03 

33.1 

.-jOiO. 

12»5 

18,8 

_i*i_ 

17. L 

12.1 
0.^ ■ 
19.5 

99.5 

99.7 

99.6 

99.9 

99.9 

99.9 

98.9 

99.U 

99.7 

2.90 

0.70 

0.79 

0.31 

0.27 

0.17 

1.71 

1.07 

0.69 

0.07 

0.03 

0.03 

-0- 

-0- 

-0- 

0.22 

0.08 

0.03 

3, hi 

0.69 

0.67 

1.2it 

1.31- 

1.89 

0.71 

0.99 

1.11 


COMBUSTION 

EFFICIENCY 


CO - EPAP 
CONTRIBUTION 


THC - EPAP 
CONTRIBUTION 


NOx - EPAP 
CONTRIBUTION. 


COMBUSTOR IHI£T TEMPERATURE AND REFERENCE VELOCITY AT N(KINAL ENGINE CONDITIONS. 
i — ALTERNATE PILOT INJECTORS FUELED 
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AfPBNOn E-?-a • 

GE radial/axial COMBUSTOR DATA, CONFIOURATIOK R/A-? 


1. TEST RIG DATA 



IDLE 

APPROACH 

CLIMBOlfT TAKE-OFK 

READING 
- NUMBER 

lD-1 

APP-l APP-2 APP-3 APP-U APP-5 APP-6 APP-7 

CL-1 CL-2 CL-3 

CL-1* TO-1 TO-2 

FDELUiG 

MODE 

PILOT 

ONLY 

PTim. PILOT*^HLar'^FlLOT’“piLOT PILOT PILOT 
M 4 & 4 

MAIN MAIN MAIM MAIN MAIN MAIN 

. 1 

HLOT PILOT pilot' 
& & 6 ^ 
MAIN MAIN MAIN 

ViLOT ’pilot pilot 
6 A 

MAIN MAIN MAIN 

RBlBSdHilHI 

2.91 

1 

U.78 U.77 U.80 U.7U U.78 U.80 U.79 

U.55 U.76 1*.76 

1*.7U U.80 U.60 

FUEL-AIR 
, RATIO-PILOT 

.0110 

.OlliO .00U8 .0057 .0077 .001*0 .0050 .0060 

.001*9 .0071* .001*9 

.007U .0039 .001*8 

FUEL-AIR 
- RATIO-TOTAL 

.0110 

,011*0 .0137 .0137 .011*2 .nil*? .011*3 .OlUl 

.0215 .0215 .0215 

.0215 .0227 .0230 




26.U 19.0 27.3 

21.1 23.3 15.1* ■ 



0.1* 111. 75.2 1*2.2 229. 139. 9U.5 

“m 57E 

~U7E 079 07? - 

B||kSSlSES3BHHi 

WBM 

“PTi 275 ^2 S2 172 175 ?7TT 

6,? 9.L 

TO70 on* 77? 

SMOKE NO. 

Ksa 

o.fl — - 0.6 — --E TTF 

— — 



CCKBDSTION 

EFFICIENCY 



1 

98,1 

99,7 86.6 90.3 93.8 7U.1 83.1* 88.0 

99.3 99.5 99.2 

99.U 99.U 99.6 

i 

lATTERI? 
_ FACTOR 

0.6U 

0.1*1 1.20 1.C7 0.73 1.05 0.71 0,63 

0.36 n.66 0.56 

0.5> 0.33 0.31* 

CO - EPAP 
.. CONTRIBUTION 

7.35 

1J.1* 9.10 8.38 7.61 11.6 10.7 10.1 

3.93 2.83 1.56 

1.20 1.33 0.88 

THC - EPAP 
CONTRIBUTION 

0.83 

0.01* 10,1 6.86 2.85 20.9 12.7 8.62 

0.16 0.06 0.11 

0.05 0,05 0.02 ' 

_ DATA CORRK' 

CTKD TO ENGUrS PFiSSURES: 


. CO - E.I. 


ri .3 R 3 .U 70 ' 'S?:? TO9.“ 7J9-.6-“93;T| 

io.9'""6-.ii-n:u 

“T7I 379 ir - — ^ 

_ 7HC - E.I. 



“u:? — on — TF7T 

on o7? 0.05 j 

NOv - E.I. 

m 

9.2* 3.P li.e 8.0 ?.0 2.7 3.7 

111. 2 21.1* IU.3 

22.8 16.1 18.U * 

COMBUSTION 

EFFICIENCY 



98.1 

100 93.5 95.1 96.7 88.1 92.0 93.9 

99.7 99.8 99.7 

99.8 99.8 99.9 

CO - 

COLThIB'JTION 

7.35 

0.11 7.61 6.91* 6.19 9.92 9.08 8.55 

1.62 0.96 1.63 

1.05 0.U8 0.22 i 

^C - l-U-A? 

_ co:r,>K7Tv';’T.:: 

c'.63 

0.01 l*.ll 2.81 1.56 8.51* 5.19 3.55 

0.03 0.01 0.05 

0.02 0.01 -0- i 

NOx - EPAP 
c«r:Ri5TiTiv'i:i . 

0.U2 

0.81** 0.35 0.1*1* 0.73 0.18 0.25 0.31* 

2.11 3.18 2.13 

3.39 0.92 1.05 


► COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. j 

I 

a — NO EXTRAPOUTION TO ENGINE HIESSUIE 

X 

a — ALTERNATE MAIN INJECTORS FUELED j 

f 

£ 


















































I 



4 
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♦ * 

APPENDH E-2-b 

GE RADIAL/AXIAL CONnOURATION R/A-2 cent. 


1 . TEST RIG DATA 



TAKE-OFF 

CRUISE 



TO-3 

CR-1 CR-2 CR-3 CR-U CR-5 CR-6 CR-7 


FUELING 

MODE 

m 

PILOT pilot PILOT PILOT PILOT®FILOT®PILOT® 

ONLY * & & 

MAIN MAIN MAIN MAIN MAIN MAIN 

• 

INLET 

PRESSURE 

ATM, 

k.S9 

U.78 U.78 U.73 U.7U 14.79 U.78 U.77 


FUEL-AIR 
. IIATIO-PILOT 

.0069 

.0210 .0052 .0063 .0078 .001*8 ,0058 .0071* 


FUEL— AIR 
RATIO-TOTAL 

.0230 

.0210 .0223 .0221 .0273 .0206 .0207 .02U 

j 

CO - E.I. 

ir\ R 

6.7 k0.1i 3k.k 29.2 iil.2_ 29.8. _ 12.1. 


-IHC -E.I. 

mmm 

0.1 5.9 3.1 1.7 5.9 3.9 2.7. 


NO^ - E.I. 


7.5 U.9 5.7 . 8.0 1*.6 5.3. 6.1 






COMBUSTION 

EFFICIENCY 

_ 

99*7 

99.8 98.5 98.9 99.2 98.5 98.8 99.0 


EATTiSK 
_ FACTOR 

0.33 

0.32 0.32 0.32 0.31 0.62 0.31 0.32 


CO - EPAP 
_ CONTRIBUTION 

0.62 




THC - EPAP 
CONTRIB!7.’ION 

0.01 




:», DATA CORRECTED TO ENGINE PRESSURES; 

_ :o - E.I. 

1 

1.2 29.2 23.7 19.2 29.8 19.8 22.0 


_ IHC - E.I. 

0.01 

0.1_ 2.5 1.3 . OJ _2.5 1.6 1.1 


_ NOv - E.I. 


10.8 7.2 8.2 11.7 6.8 7.8 9.8 



100 

100 99.1 99.3 99.5 99.1 99.1* 99.1* 


CO - EPAP 
_ CONTRIBUTION 

0.10 

— — — — — — — — — -- — - 

i_ — — 

THC - EPAP 
_ CONTRIBUTION 

-0- 




NOx - EPAP 
_ CONTRIBUTION. 

1.U2 



• 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 


ALTERNATE MAIN INJECTOEIS FUELED 
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APPF,NDn S-3-» • 

GE hadial/aiial combustcr data, configuration R/A-3 


1. TEST RIG DATA ’I 



IDLE 

APPROACH 




CUMBOUT 




BEADING 
^ HUMBER 

ID-1 

ID-2 

6% BLEED 

ID-3 

12$ BLEED 

APP-1 APF-2 

CL-1 

CL-2 

CL-3 

CL^ 

X3L-5 

CL-6 

CL-7 

CL-8 

FUELING 

MODE 

PILOT 

ONLY 

PILOT 

(MJLY 

PILOT 

ONLY 

PILOT 

mY 

PILOT 

ONLY 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

it 

MAIN 

PILOT®PILOr® 
4 i & J 

MAIN MAIN 

INLET 

IRESSURE 

ATM, 

2.89 

2.90 

2.85 

3.39 

6.80 

U.7U 

9.53 

9.53 

lu72 

9.53 

U.68 

U.7U 

U.76 

FUEL-AIR 
^ RATIO-PILOT 

.0110 

.0137 

.0159 

.olUo 

.OlliO 

.0039 

.0039 

•00U8 

.00i)i8 

.0068 

.0070 

.0039 

.0068 

FUEL-AIR 
. RATIO-TOTAL 

.0110 

.0137 

.0159 

.OlltO 

.OlUO 

.0212 

.0212 

.0211 

.0213 

.0210 

.0215 

.0211 

.0209 


C^fl 




mm 

OKI 

mm 

L>SI^ 


mm 

33.1 

5l.6 

30.ti 


nm 

L 1 

■MW 


Em 

160.7 

mm 


mm 

mam 

3.7 

lU.3 

2 .I 4 


mwm 


3.1 


mtm 

wmm 



5.3 

12.6 

9.0 

6.5 

11.2 

_ SMOKE NO. 

0,s 



2.2 

1.6 



•••• 

— 

0.9 

■^.6 

— — 

2.3 

COMBUSTION 

EFFICIENCY 

97.? 



99.6 

99.8 

92.2 

95.7 

98.2 

96.7 

99.1 

98.9 

97.U 

99.1 

lATTERN 
_ FACTOR 

0.68 

0.51 

0.57 

0.51 

0.70 

o.m 

0.38 

0.33 

0,32 

0.28 

0.27 

0.1»3 

0.57 

CO - EPAP 
_ CONTRIBUTION 

7.96 

6.5U 

6.39 

1.U8 

0.65 

10.9 

9.79 

6.93 

8.39 

U.U5 

U.92 

7.67 


THC - EPAP 
^ CONTRIBUTION 

1.97 

0.1i6 

L 

0.37 

0.02 

0.03 

9.03 

U.06 

1.13 

2.96 

0.25 

0.55 

2.13 0.36 


DATA CORRECTED TO FTOINE PRESSURES; 


_ CO - E.I. 

iW 

l7,6 


'TT“ 

-~U7T 

[FTTH- 

~wrr 

TJTr 




■ JG-.IJ- 



fmai 


2.7 

0.1 

6.2 

IW*M 

■£Ba 

2.” 


0«6 

~iTrr 


0J4 


mm 

3.1 

_ .3.0 

nsa 

mam 

■am 

msm 

12.6 

TT7T 

19 . u 

2o.3 

HTTr 


COMBUSTION 
EFFICIENCY 
^ 1 

97.2 

98.5 

98.7 

100 

100 

97.8 

97.8 

98.9 

98.9 

99.5 

99.6 

99.0 

99.6 

CO - EPAP 
_ CONTRIBUTION 

7.89 

6.50 

6.2U 

0.10 

0.08 

7.11 

7. >48 

U.92 

5.0U 

2.80 

2.35 

U.U6 

2.07 

THC - EPAP 
^ C0».TRIBUTI0N 

1.95 

0.U7 

0.37 

0.01 

0.02 

1.65 

1.U9 

0.U2 

0.5U 

0.09 

0.10 

0.39 

1.67 

xtOx - EPAP 
^ CONTRIBUTION. 

O.Ul 

0.U2 

o.ia 

0.67* 0.70* 

1.25 

1.28 

1.78 

1.7U 

2.69 

3.02 

2.22 

3.75 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
» — NO, EXTRAPCLATION TO ENGINE PRESSURE 

3 — ALTERNATE MAIN INJECTCRS FUELED 




































































APPEIIDII E-3-b 


QS RADIAL/AXIAL CONFIGURATION R/A-3 cent. 


1 . TEST RIG DATA 



COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 
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APPENDIX E-U 

GE radial/axial ccmbdstor data, cqhpiguration r/a-u 


TEST RIG DATA 


ENGINE 

CONDITION 


READING 

NUMBER 


POELING 

MODE 



INLET 

IRESSURE 

ATM, 


FQEL-AIR 

RATIO-PILOT 


FUEL-AIR 

RATIO-TOTAL 


- £ 



APPROACH 

CLIMBODT 

TAKE-OFF 

CRUISE 

APP -1 

CL -1 CL -2 CL -3 CL- 1 + 

TO -1 TO -2 TO -3 

OR -1 CR -2 CR -3 

PILOT 

ONLY 

PILOT PILOT PILOT PILOT 
& & & & 
MAIN MAIN MAIN MAIN 

PILOT PILOT PILOT 
& & & 
MAIN MAIN MAIN 

PILOT PILOT PILOT 
& & & 
MAIN MAIN MAIN 

3 .i 42 

U .76 1+.76 1+.77 U.75 

1+.76 1+.77 U.76 

U.75 U.78 U.78 

. 011+0 

.0038 .001+8 .0068 .0097 

.001+0 ,0050 .0069 

. 00 U 9 .0069 .0077 

. 011+0 

.0217 .0211+ .0211+ .0215 


.0207 .0208 ,0207 


SMOKE NO. 


COMBUSTION 
EPPICIENCy 98.8 



99.5 89.7 95.2 97.8 98.3 95.7 98.5 99.3 89.0 9 U .8 96.5 


PATTERN 
FACTOR 

CO - EPAP 5^91 


CONTRIBGTIOU 


THC - EIPAP Q 20 
CONTRIBUTION 


0.67 0.36 0.3U 0.25 0.31 0.32 0.30 0.27 0.36 0.27 0.25 


1.62 12.6 10.9 8 .U 3 7.60 3.32 2.15 I.3I1 


0.08 12. U U.52 1.23 0,80 1.70 0.37 0.09 



COMBUSTION 

EPPICIENCY 98.9 99.9 97.2 98.3 99.0 99.2 98.7 99.5 99.8 


5 . 8 ii o.iii 8.09 7 iJ 8 5;10 U.I 42 I 1 . 91 * 1.05 0.1+9 

CONTRIBUTION 


THC - EPAP 0.20 0.02 2.28 O.83 0.23 0 . 1 $ 0.27 0.06 0.01 

CONTRIBUTION 


o-W '’•5’* 3-3^ “•‘‘3 '•« 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 


* — NO EXTRAPOLATION TO ENGINE PRESSURE 
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APPENDIX E-5 * 

GE RADIAI/AxIAL COMBUSTOR DATA, CONFIGURATION R/A -5 


1. TEST RIG DATA 


ENGINE 
. CONDITION 

IDLE 

APPROACH 

CLIMBOUT 

TAKE-OFF 

CRUISE 


BEADING 
. NUMBER 

ID-1 

APP-1 

CL— 1 CL— 2 CL— 3 

TO-1 TO-2 

CR-1 CR-2 CR-3 

1 

fueling 

MODE 

PILOT 

ONLY 

PILOT 

ONLY 

PILOT PILOT PILOT 
& & St 

MAIN MAIN MAIN 

PILOT PILOT 
& & 
MAIN MAIN 

PILOT PILOT PILOT 
St St St 

MAIN MAIN MAIN 

1 

INLET 

PRESSURE 

ATMo 

2.90 

3.U1 

1*.70 1*.78 1*.76 

l*.7i U.73 

1*.71* U.78 1*.76 

% 

FUEL-AIR 
. RATIO-PILOT 

.0110 

.011*0 

.001*0 .0050 .0068 

.001*0 .0050 

.001*5 .0069 .0083 


FUEL-AIR 

RATIO-TOTAL 

.0110 

.011*0 

.0211* .0211* .0209 

.0227 .0230 

.0207 .0208 .0208 

i 

} 

CO - E.I. 

lil.O 


78.1 L1.0 


88.0 60.3 •;3.0 


THC.-E.I. 

2.0 ^ 

0.8 

83.7 17.1 I1.2 

3.3 L.li 

J2.1i 10.3 5.2 


NOv - E.I. 

3.1i 

7.0"j 

2.1 3.0 5.I1 

. 7.9 10.0. 

2.2^ L.L 5.7 


SMOKE NO. 

1. . 










COMBUSTION 

EFFICIENCY 

98.8 

99.6 

1 

89.8 97.0 98.6 

98.6 98.7 

90.7 97.6 98.2 


lA'TTERK 

_ FACTOR . ... 

0.26 

0.31 

0.33 0.29 0.21* 

0.21* 0.17 

0.31 0.35 0.1*1 


CO - EPAP 
_ CONTRIBUTION 

5.60 

1.1*2 

11.7 7.93 6.10 

2.53 2.10 




THC - EPAP 
CONTRIBUTION 

0.27 

1 

0.08 

12.5 2.5U 0.62 

0.19 0.25 



i 


DATA CORRECTED TO ENGINE PRESSURES; 


CO - E.I. 


O.P _ 

0.3 31. ?1*8 

?3*i 17*5 

J?2*8 J,7*Q i^0*3 


THC - E.I. 



ic: ? '^1.9 0*8 

_D„c; qJj 

30*0 jf*3 ?*? 


NOv - E.I. 


7 0* 

^8 8*^ 11* 

18*], ?P*Ci 

'3^ ^ 8*3 8*0 


COMBUSTION 

EFFICIENCY 

98.8 

100 

97.3 98.9 99.U 

99 .U 99.5 

95.3 98.5 98.8 


CO - EPAP 
CONTRIBUTION 

5.56 

1 . 1*2 

7.78 I*. 69 3.21* 

1.32 1.00 




THC - EPAP 
CONTRIBUTION 

0.27 

0.02 

2.26 0 . 1*8 0.12 

0.03 0.01* 




NOx - EPAP 
CONTRIBUTION. 

0 . 1*6 

0.72* 

0.61 0.93 1.71 

1.05 1.31 





COIBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 


* — P*2 NO^ EXTRAPOUTION TO ENGINE PRESSURE 
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APPENDIX E -6 * 

GE RADUL/AXIAL COMBUSTOR DATA, CONFIGURATION R/A -6 


1 . TEST RIG DATA 


ENGINE 

CONDITION 

IDLE 

APPROACH 

CIJMBOOT 


CRUISE 


BE&DIIVG 

NUKBEH 

ID -1 

APP -1 

APP -2 APP -3 

CL-1 


CR -1 

CR -2 

CR -3 


FUELING 

MODE 

PILOT 

ONLY 

PILOT 

ONLY 

PILOT 

& 

MAIN 

PILOT 

& 

MAIl^ 

PILOT 

& 

MAIN 


PILOT 

& 

MAIN 

PILOT 

& 

MAIN 

PILOT 

& 

MAIN 


INLET 

PRESSURE 

ATM. 

2.96 

3.U8 

3.50 

3-60 

1*.77 


U .77 

U.77 

U.92 


FUEL-AIR 

RATIO-PILOT 

.0110 

.011+0 

.001+8 

.0070 

.0071 


.0050 

.0072 

.0079 


FUEL-AIR 

RATIO-TOTAL 

,0110 

1 

.011+0 

.0137 

.0139 

.0211+ 


.0210 

.0213 

,0208 


:o - E.I. 

ram 

mm 

KRm 


20.0 


J 71 . 1 i 

19-2 

18.7 


_IHC -E.I. 

■ 3 ICI 

ran 

mm 

^Eil 

_l.fi 


10.0 

2.2 

.. 2.U 


IJOv - E.I. 

ram 

. 7.9 

0.8 

U8 





5.9 


SMOKE NO. 


1^ 









COMBUSTION 

EFFICIENCY 

% 

99.U 

99.7 

60,1 

76 . 1 + 

99.2 


95.3 

98.9 

98.9 


PATTERN 
^ FACTOR 

0.36 

0.28 

0.83 

i 

0 . 1+1 

0,30 


0.23 

0.2U 

0.35 


CO - EPAP 
_ CONTRIBUTION 

3.20 

1.20 

9.55 

12.6 

2.97 


— 

— 

— 


THC - EPAP 
CONTRIBUTION 

0.06 

0.01 

3 U .2 

18.6 

J 

0.U5 


— 

— 

— 



DATA CORRECTED TO ENGINE PRESSURES; 


CO - E.I. 

1 21-9 

0 ^ 7 . 82.8 115 „ 



^ 9.1 28.0 27.9 


THC - E.I. 

ram 

_ fi^Ql 112 . 62 u 6 

fi .6 


12.5 0.9 1.0 


NOv - E.I. 

ram 

9 - 2 * 1..6 1-2 

ll „6 


5.1 7.8 8.1 


COMBUSTION 

EFFICIENCY 

■ -.JL 

99 . u 

100 86.9 91.1 

99.7 


97.U 99.3 99.2 


CO - EPAP 
CONTRIBUTION 

3.26 

0.06 7.55 10.5 

1.71 





THC - EPAP 
CONTRIBUTION 

0.07 

- 0 - 10.2 5.71 

0.08 





NOx - EPAP 
CONTRIBUTION. 

0.39 

0.8U* 0.15 0.29 

.2.02 




. 1 

i 


COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 


* __ p «2 NO EXTRAPOLATION TO ENGINE PRESSURE 
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APPEKDIX E -7 

GE RADIAL/aXIAL COMBUSTOR DATA, CONFIGURATION R/A -7 


1. TEST RIG DATA 


ENGINE 
. CONDITION 

H)i£ 

APPROACH 

CLIMBOUT 

TAKE-OFF 

CRiniSE 


BEADING 
^ HUMBER 

ID-1 

APP-1 

CL-1 CL-2 CL-3 

TO-1 TO-2 TO-3 

CR-1 CR-B 

• 

FUELING 

MODE 

PILOT 

PILOT 

PILOT PILOT PILOT 
& & & 
MAIN MAIN MAIN 

PILOT PILOT PILOT 
& & & 
MAIN MAIN MAIN 

PILOT PILOT 
& & 
MAIN M.AIN 

• 

INLET 

HiESSURE 

ATMo 

2.92 

3.1<0 

U .72 1^.72 U.71+ 

U.76 9.53 U.7U 

U.74 U.7U 

• 

FUEL^AIR 
. RATIO-PILOT 

.0110 

,oiuo 

.0039 .00510 .0070 




FUEL-AIR 

RATIO-TOTAL 

,0110 

.01 uo 

,0222 .0218 .0217 

.0233 .0231 ,0235 

.0206 .0209 


CO - E.I. 


q.,0 

X Rc^. 8 J,7 .q 

60.^ Li .2 10.1 

77.1 72.6 


TEC -E.I. 

Km 

0.2 

187. 98. ii 11.9 

11.1 19.0 L.7 

JI 6 I. 10.7 


i'*Oy “• £•!• 

■KSl 


0.7 1.1 1.2 

2.8 L.L 1.9 

1.8 2.9 


wmssmEsmm 


0.2 

0.9 2.9 1.1 

1.1 0.9 0.8 



COMBUSTION 

EFFICIENCy 

97.9 

99.8 

79.7 88.2 97.7 

95.3 97.2 98.8 

82.1 95.2' 


3EATTERN 

_ FACTOR ^ , 

0,62 

0.38 

0.66 0.69 0.U5 

0.53 O.I 42 0 .U 5 

0.91 0 . 1|3 


CO - EPAP 
_ CONTRIBDTION 

7.10 

0.82 

CM 

T“ 

• 

GO 

• 

CM 

• 

ON 

3.Uk 2,35 1.73 




THC - EPAP 

CONTRIBUTION 
•• — - 

1,17 

0.02 

27.8 1 I 4.6 1.77 

1.90 1.08 0.27 





g, DATA CORRECTED TO ENGDIE PRESSURES; 


_ CO - E.I. 

Bsri 

CL_2 


1^:7 27.0 12.9 



_ THC - E.I. 

KHl 

KK8W1 


S.X L.1 0.8 

ISSIKHRSm 


. aJOy •• Hi • X • 

IRI9 


'16 3.1 7.1 

6..'9 7.6 9 ..!, 

3^1 


COMBUSTION 
EFFICIENCY 
^ _ % 

97.9 

100 

95.6 96.8 99.2 

98.6 99.6 98.8 

91.9 97.1+ 


CO - EPAP 
_ CONTRIBUTION 

7.10 

0.01 

6.16 8.73 U.03 

2.0U l.rU 0.7U 




THC - EPAP 
^ CONTRIBUTION 

1.17 

0 

• 

8 

VA 

5.07 2.66 0.33 

0,30 0.35 O.OU 



• 

NOx - EPAP 
^ CONTRIBUTION. 

0.36 

0.6U* 

0.2U 0.U6-1.06 

0.39 0.U3 0.5U 





COIBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 


* — p *2 EXTRAPOLATION TO ENGINE PRESSURE 
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TABIiB II o - POLLUTION GOALS 


POLLUTANT ENGINE PROGRAM 1979 EPA 

MODE GOAL STANDARD 


OXIDES OF 
NITROGEN 

AS NOo - TAKE-OFF 


CARBON 

MONOXIDE 

E.I. 


TOTA L UN- 
BURNED HY- 
DROCARBONSl 


13 


22.5 


SMOKE - 
SAE 


’TAKE-OFF 


JT9D-7 ENGINE 
EMISSIONS 
DATA 

P.R. 22:1 

CP6-50 ENGINE 
EMISSIONS 
DATA 

P.R. 30:1 

32 

36 

j 

1 

77 

73 

30 

30 

10 

13 


TABIE III. EPA PARAMETER VALUES 


ENGINE 

CARBON 

MONOXIDE 

TOTAL UNBURNED 
HYDROCARBONS 

REQUIRED EPA VALUES 
T-2 ENGINE CLASS 

4.3 

0.8 

CF6-50 ENGINE 
P.R. M 30:1 



CURRENT VALUES 

10.8 

4.3 

■ . 

io CURRENT VALUES 
exceed REQUIREMENTS 

151. 

438 . 

JT9D-7 ENGINE 
P.R. - 22:1 



CURRENT VALUES 

14.29 

5.34 

55 CURRENT VALUES 
EXCEED REQUIREMENTS 

232 . 

568 . ■ 


OXIDES 0F 
NITROGEN 


7.7 

157. 


i;.90 

63 » 
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TABLE IV. PERFORMANCE GOALS 


PABAME2ER 

ENGINE MODE 

PROGRAM GOAL 

COMBUSTION 

EPPICIENCI 

ALL MODES 

99fo^ 

PRESSURE LOSS 

CRUISE 

6% j 

PATTERN FACTOR 

TAKE-OFP, CRUISE 

0.25 

ALTITUDE RELIGHT 

WINDMILLING 


DURABILITY 

ADEQUATE AT ALL MGE3E CONDITIONS | 


TABLE V. - POLLUTION CONSIDERATIONS 


RESULT 


C AUSES 


LOW: 

^in 

^in 

m 


EFFECTS 


COMBUSTION lNEFF^CiENCY 
CARBON MONOXIDE 
UNBURNED HYDROCARBONS 


CURE 


I 

LOW POWEIMDLE { 

I 


r QUENCHING 

/ POOR COMBUSTION STABILITY 
/ POOR FUEL ATOMIZATION & 


POLLUFANTS 



HIGH: 

Tin 

^’in 

f/A 


HIGH POWER TAKEOFF v EXCESS RESIDENCE TIME 
^ HIGH FLAME TEMP 
POOR LOCAL FUEL DISTRIBUTION 


OXIDES OF NITROGEN 
SMOKE 


INCREASE RESiDENCE TIME 
REDUCE FLOW VELOCITY 
RETARD MIKING 

INCREASE EQUIVAIENCE RATIO TO 1 
improve fuel ATOMIZATION & 
DISTRIBUTION 


REDUCI RFSIDLNCE TIME 
INCRI ASE HOW VELOCITY 

fnhance mixing 

REDUCE EQUIVALENCE RATIO 
TO 0. 5-0. 7 

IMPROVE LOCAL FUEL DISTRIBUTION 
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TABLE \T. - KEY SPECIFICATIONS OF THE JT9D-7 ENGINE 

Weight (kg). 3982. 5 ' 

Length (ni) 3.912 

MaKimum diameter, cold (m) 3.427 ■ 

Pressure ratio 21.7 ■ 

Airflow rate (kg/s) 691 

■I 

Maximum sea-level static thrust (kN) 197 

I Cruise performance 

' Mach number 0. 85 

Altitude (m) 10 668 

Thrust (kN) 44,6 

Specific fuel consumption (kg/Ns). 1.979x10"’'^ 


TABLE VII. - KEY OPERATING PARAMETERS OF THE JT9D-7 
REFERENCE COMBUSTOR 

f — 

! Compressor exit axial Mach number ................... 0.258 

, Compressor discharge temperature (K) ... . . . 768.9 

' Combustor temperature rise (K) . . . . . . . . . . ... . . . . . . . . 763,9 

! Combustor section pressure loss (%)... . . . . . . ...... . . . . . 6. 0 

Combustor exit temperature pattern factor . ........ . . . . 0.42:10.03 

Average combustor exit temperature (K)> • • . . ........... . 1 . 532.8 

NOTE: Data ibr standard day sea-level Static take-off conditions. 
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TABLE VIII. - KEY SPECIFICATIONS OF THE CF6-50 ENGINE 


Weight (lig) 

Length- cold (m) 

■ Maximum diameter, cold (m) 

Fan/comp, stages 

HPT/LPT stages ...... 

Thrust/ weight 

' Pressure I'atio 

Airflow (kg/s) . 

Maximum SLS thrust (kN) . . 
Specific fuel consumption . . 
Cruise pei’formance 

Mach number ....... 

Altitude (m) ........ 

Thrust (kN) ........ 

Specific fuel consumption . 


. . 3780 
. .4.82 
. .2.72 
l-(3)/l4 
. . 2/4 
. . 5. 95 
. . 30:1 j 

. . 6601 

I 

. . 218 
. 0.389 

. . 0.85 
. 10 500 
. . . 48 
. 0.654 


TABLE DC. - CF6-50 COMBUSTOR KEY DESIGN PARAMETERS 


Combustor airflow (Icg/s) , . . . ............. 

. . . . . . . . 103.42 

Compressor exit Mach number . ....... . . . . . . 

. . . . . . . . . 0.27 

Overall system length (m) , ............... 

. . . . ... . 0.7595 

Burning length (m). . . . ... . . . . . . , .... . . . 

........ 0.348 

Dome height (m) . 

. . . . . . . . 0.1143 

Reference velocity (m/s) . . . . . 

. . ..... . . 25. 9 

Space rate • , 

. . . . . . 2.2x10^^ 

Px'essure loss-total (%) . . . . ..... ...... . . . 

..... . . . . 4.3 

Number of fuel nozzles . . .......... . , , . . , 

. . . . . . . . . . 30 

Fuel nozzle spacing (cm) . . . . . . , 

, . . . . . . . . . 6.91 

Burning length/fuel nozzle spacing . ... , . . . . , . , 

/ . . . : . . . . . 5.0 

Fuel nozzle spacing/dome height . . . . . ... . , , . , 

, ......... 0.60 

Design flow splits 


Outer-center-inner (% of combustor airflow) . . » . , 

. . . .... . 33-32-35 , 

1 Liner cooling flow :(% of combustor airflow) . . . . . . 


! Exit temperature pattern factor. . , . . . . . ... . . 

. . ... . . . . . 0.26 

! Exit temperature profile factor . . . . . . . . . , ^ . . , 

......... . 1.09 

; Combustion efficiency (%).,.. . . . , . .... . . / 

. . . . . . . . . . 99.9 


NOTE: Data for standard day sea-level static t^e- off eonditions. 




TABLE X. - TEST RIG CONDITIONS, SIMULATION OF JT9D-7 ENGINE- COMBUSTOR CONDITIONS, PRATT & WHITNEY 


Engiae 

(iterating 

condition 

Inlet 

pressure, 

atm 

Inlet 

temperature, 

K 

Fuel-air 

ratio 

Reference velocity, 
m/sec 

Combustor exit 
temperature, 
K 

Comments 

Vorbix 

Hybrid 

Standard day 
idle bled 

2.93 

437 

0.0126 

19.2 

33.2 

886 

True engine conditions 

Standard day • 
idle unbled 

3.95 

464 

0.0100 

21.0 



36.6 

850 

True engine conditions 

Standard day 
approach 

6.80 

586 

0. 0130 

23.2 

■ 

40.5 

1006 

Engine pressure =8.50 atm 

Standard day 
climbout 

6.80 

735 

0.0194 

■■ 

25.6 

45.1 

1396 

Engine pressure = 18.50 atm 

Standard day 
take-off 

6.80 

767 

0.0215 

26.2 

45.4 

1486 

Engine pressure = 21. 10 atm 

CTOL cruise 

6.80 

704 

0. 0205 

24.7 

43.6 

1413 

Engine pressure = 9. 31 atm 
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TABLE XI. - TEST RIG CONDITIONS, SIMULATION OF CF6-50 ENGINE-COMBUSTOR 

CONDITIONS, GENERAL ELECTRIC 


Engine 

operating 

condition 

hilet 

pressure, 

atm 

Met 

temperature, 

K 

Fuel-air 

ratio 

Reference 
velocity, 
m/ sec 

Combustor exit 
temperature, 
K 

Comments 

Standard day 
idle 

2.92 

429 

0. 0110 

18.3 

865 

True engine conditions 

Standard day 
sqpproach 

6.8 

630 

0. 0140 

23. 2 

1136 

Engine pressure =11.7 atm 

Standard day 
climbout 

9.5 

786 

0. 0214 

25.3 

1503 

Engine pressure = 25. 9 atm 

Standard day 
take-off 

9. 5 

820 

0. 0231 

25.6 

1586 

Engine pressure = 29. 8 atm 

CTOL cruise 
0.85 Mach -35 E 

9.5 

733 

0.0210 

24.4 

1449 

Engine pressure = 11.4 atm 
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IVf;, 


TABLE XII. - SUMMARY OF PRESSURE EXPONENTS, ECCPII TESTS 
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TABLE Xm. - CF6-50 ENGINE STATUS CTCLE PARAMETERS 


Cycle condition 

Idle unbled 

Approach 

Climbout 

Take-off 

Ambient temperature, K 

288 

288 

288 

288 

Ambient pressure, atm 

1.0 

1.0 

1.0 

1.0 

F^.kN 

7.53 

6i|.59 

188.66 

221. 95 

%F^ 

3.39 

30.0 

85.0 

100.0 

Ng, rpm 

6412 

8620 

9890 

10150 

Combustor inlet pressure, atm 

2.92 

11.7 . 

25.9 

29.8 ’ 

Combustor inlet temperature, K 

429 

630 

786 

820 

Fuel flow, ideal, kg/hr 

547 

2395 

7104 

8573 

Airflow total, kg/ s 

16.37 

56.7 

109.3 

122.0 

Airflow combustor, kg/s 

13.81 

47.6 

92.1 

103.0 

Reference velocity, m/ sec 

18.3 

23.2 

25.3 

25.6 

Fuel-air ratio, ideal 

0.0110 

0.0140 

0. 0214 

0.0231 

Combustor exit temperature, K 

865 

- -- -- - --i 

1136 

1503 

1586 


NOTE: Fliel flows and fuel-air ratios assume combustion efficiency = 100%. 



TABLE XIV. - EPAP COEFFICIENTS FOR ECCP II/CF6-50C 

(Class T 2 Engine) 





1 

|t \ 1 \ \ 

\ ^ V 



Power 

Level 

t 

Minutes 


™ (2) 
pph 

\60/ \ 1000/ 

Klb -hr, 
f 

\607 \iooo/ 
Klb -hr. 

C 

Ibin/lbf-hr . 

(¥) 



26.0 

1,692 

1,219 

0.7331 

0.5282 

0.1365 

31.49 

5.859 

21.97 

Approach 

4.0 

14,969 

5,292 

0.9979 

0.3528 

0.0912 

47.15 

8.771 

32.89 

Climb 

2.2 

42,412 

15,692 

1.5551 

0.5753 

0.1487 

28.91 

5.379 

20.17 

Takeoff 

0.7 

49.896 

18,938 

0.5821 

0.2209 

0.0571 

75.30 

14.010 

52.53 

E 




3.8682 







j 


/EPAP ^ ^ \ 

~ 4.3, 

/epap„^ \ 

- 0 . 8 , 

/EPAP,., 

[ CO, std/ 


y HC, stdj 


1 NOx, stdj 


Assumes no CDP bleed or thrust reverse. 

Assumes target levels of combustion efficiency (99.0% at idle, 99.8% elsewhere)'. 


• %'■■■ ■ 



























TABLE XV. - CF6-50 PRODUCTION ENGINE EMISSION INDEX 

AND EPAP VALUES 


ENGINE MODE 

E.I. THC 

E.I. CO' 

E.I. NO.. 





IDLE 

30 

73 

2,5 

APPROACH 

0.01 

U*3 

10.0 

CLIMBOTIT 

OoOl 

0«3 

29.5 

TAKB-ORP 

0.01 

0.2 

35.5 

EPAP 

1 n — 

10.8 

-- -1 

7.7 


TABLE XVI, - JT9D-7 ENGINE STATUS CYCLE PARAMETERS 


PARAMETER 

IDLE 

IDLE 

APPROACH 

CLIMBODT 

TAKE-0PP 


BLED 

TJNBLED 






16.90 

61.59 

171^.50 

205.3 

Inlet air temperature, K 

1j28 

i^6i^ 

586 

735 

767 

Fuel flow, kg/hx 

728 

839 

2109 

5986 

732U 

TSPC 

— 

.i+868 

.3359 

.3365 

•3k99 

Inlet pressure, atm 

2.93 

3.95 ' 

8.50 

18.50 

21.1 

Piael air ratio 

.0126 

.0100 

.0130 

.0191+ 

.0215 

EPAP coefficient 

.1728 

.1763 

.0682 

.1065 

.01+11+ 

5^ of total 

M+.9 

kh-9 

I7.U 

27.1 

10.6 


NOTE: 

* -- Assumes combustion efficiency = 99 ^ idlej 100 ^ at all 

other conditions. 

Engine nominal by-pass ratio - $20; compressor ratio - 202 
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TABLE 3CVIII- BHASE II VORBIX ^|ll|r 5 T 0 R CGKPIGOaiTIO ENGIMB MODE CONTRIBnTIQKS TO EPAP ITOMBERS AMD TOTAL EPAP MDIIBEHS. 


ENGHiB OPBRATim MODE* 

4979-'EBA- STAMDARDS 
JT9D-7 EHGHIB 


IDLE APPROACH 

GOMTRIBOTlON CORTRIBDTION 

CO THC MOx CO THC MOx 


CLIMBODT 

CONTRIBUTIOH 


TiKE-OFP 

COmiBUTION 


-rnC KOx I GO g?HC NOx 


OiOPAL EPAP imSSR 


THC NOx 


LOVIEST CCWBINED VALDES — — — * — — 1».3 0.0 3*0 

LOV®ST CCMBIKED VALDES 13 58 5.25 0.58 0.65 O-O? 0.5? 0.05 0.01 2.1*4 0.01 -0- I .30 1l*.29 5*34 4*9 


.If ■■■' 


COWIGOEATIOH S' 


LOWEST NOx VALDES 
LOWEST CO & THC VALDES 
LOWEST COMBINED VALDES 


6.19 0.11* 0,65 1,57 0.11 0.35 1.56 0,06 1.27 0.85 0.03 0.60 10.17 0.31* 2.87 

.. -«f. I. It II II 0.80 0.03 0.46 " '* " " " 0.04 0.0030.62 8.59 0.23 3.00 

II. M II. 11 II, If It II II it II. ii II II It II II II 0^08 -0- 0.67 8.43 0.23 3.05 


•LOWEST NOx VALDES 

COHPIGDRATION S-12,13 LOWEST CO & THO VALDES 

LOWEST COMBINED VALDEB 


6.16 0.33 0.S5 

II M 11 

II ft It 

6.16 0.33 0.55 

II M II 

II II II 

S0.58 0,17 0.51 

II II II 

It II II 

9.55 0.22 0.43 

II II II 

II II « 


0.23 0.02 0.64 1.42 0,04 1.31 1.78 0.02 0.62 9.59 0,41 3.12 

" " II >i » II 0.41 0.01 0.65 8.22 0.40 3.15 

II II II II II II II II II 8,22 0.1*0 3.15 


LOWEST NOx VALDES 

CONPIOOEATIOH 8-14,15 J LOWEST CO & THC VALDES 
(same pilot aa S-12,13’ LOWEST CCMBINED VALDES 


0.23 0.02 0.64 

M tt II 


2,24 0.05 0,55 

0,26 0.01 -1,18 

0.27 0.01 0,89 


CONFIGDRATlOH 


CONFIGDRATION 


LOWEST NOx VALDES 
LOWEST CO & THC VALDES 
LOWEST COMBINED VALDES 

LOWEST NOx VAIDES 
LOWEST CO & THC VALDES 
LOWEST C01BIHED VALDES 


0.61 0.01 0,72 
0.10 -0- 0,93 


0,65 0.02 0,29 0.03 0.02 1.10 0,90 0.01 0.47 11.13 0.27 2.29 

" " " " " " -0- " 0,48 10.23 0,27 2.30 

II II II II II II II It It 10.23 0.27 2.30 


CONPTGDHATION S-I 8 
CONPIGDKATION S-19 

CONFIGDRATION S-20 


LOWEST NOx VALDES 
LOWEST CO & THC VALDES 
LOWEST CaiBUffiD VALDES 


4.32 2.28 0,25 1.54 0.04 1.54 0.90 0,01 0,84 18.78 2,54 3*11 

1,15 0.02 0.48 ’* " " " -0- 0.99 14,60 0,27 3.49 

1.13 0.08 0.41 ” " " " " " 14,78 0.33 3,42 


LOWEST CroiBII'IEm VALDES 

LOWEST NOx VALDEB 
LOWEST CO & THC VALDES 
LOWEST COMBINED VALDES 


0.15 0,84 - — 


1.54 0,26 0,34 1.35 0.03 1.22 1.94 0.17 0.54 12,80 1,56 2.61 

G.54 0,02 0.61 0.23 -0- 1,59 0,44 0.0030,57 5,87 0.64 3.46 

0.66 0‘.'01 0.59 II II II 0,70 0,005 0*61 6.25 0.60 3.48 


COHFIGISUTION 


LOWEST NOx VALDES 
LOWEST 00 & TEC VALDES 
LOWEST CGHBINED HALVES 


3.67 1.62 0.29 
1.39 o.'i4 0.45 

II It II 


3.29 0.35 0,46 — — 

— — 0,19 0,01 0,89 

0.26 0,01 0.83 — — — — 
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TABLE XIX. - PRATT & WHITNEY VORBIX COMBUSTOR, BEST POLLUTION 


PERFORMANCE RESULTS 


Combustor 

Engine mode 

CO 

THC 

NO^ 

Combustion 

configuratians 









efficiency, 



El 

EPAP 

El 

EPAP 

El 

EPAP 

percent 




contri- 


contri- 


contri- 




button 


button 


button 


S-11 

Idle bled 

36 

6. 19 

0.82 

0.14 

3.78 

0.65 

99.1 


Approach 

11. 8 

.80 

.47 

.03 

6.74 

.46 

99.7 


Climbout 

14. 68 

1.56 

.55 

.06 

11.88 

1.27 

99.6 


Take-off 

1.89 

.08 

0 

0 

16.18 

.67 

100 


S EPAP 


8.63 


.23 


3.05 



Cruise 

28.4 


40.9 


6. 22 


98.4 

S-20 

Idle bled 


7.97 


1.10 

2.98 

0.51 

98.3 


Idle unbled 


4. 66 


.62 

3.89 

.69 

99.0 


Approach 


.66 

. 16 

.01 

8.62 

.59 

99.8 


Climbout 


. 23 

0 

0 

15.0 

1. 59 

100 


Take-off 

17.0 

.70 

.11 

.005 

14.6 

.61 

99. 6 


2 EPAP bled idle 


9.56 


1. 12 


3.30 



2 EPAP unbled idle 


6.25 


. 64 


3.48 



Cruise no. 1 

26.7 


.09 


7.1 


99.4 


Cruise no. 2 

12.7 


.15 


8.2 


99.7 




NOTE: All data extrapolated to JT9I>-7 engine pressures 
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^SABI£ XX. - iSliSB II HZBRID CCMBDSTOa CQKFIGQRATIQIIS, ER 3 Q!B HQDB C Ot m tl BO T IOWS TO EFAF NTMEERS AX) TOTAL SPAS HIMBERS. 


ENGINE OTSRATING MODE 


IDIE 

CQHTBIHDTICwI 
CO THC NOx 


APFNOACH CHHBODT 

GOMTHIBDTION CONTHIBltJTIOIK 

CO THC NOx CO THC HOx 


TAXE-OFF TOTAL EPAF HtffiDBEB 

CQNTRIBDTIQN 

CO THC NOx CO THC NOx 


1979 EFA STABLABLS 


LOWEST CGMBINED VALDES 


U .3 0.8 3.0 


JT 9 D -7 ENGINE 


CONPIGDRATIOH H -1 


LOWEST COMBINED VALDES 


0.65 0.07 0.57 0.05 0.01 a.iii* o.ot -o- 1.30 14.29 5 . 3 U l *.9 


LOWEST NOx VALDES 
LOWEST CO & THC VALDES 
LOWEST COMBINED VALDES 


1.40 0.39 0.56 — 

0.06 G.O8 0.66 — 


CONFIGDRATION H -2 


CONFIGDHATION H -3 


LOWEST NOx VALDES; 
LOWEST CO & THC VALDES 
LOWEST COtlBINBD VALDES 

LOWEST NOx VALDES 
LOWEST CO A THC VALDES 
LOWEST CCMBINED VALDES 


7.30 16.32 
2. '73 15.62 


0.78 0.07 
0.01 0.06 


0.14 1.87 0.14 1.10 

0.28 " » '• 

» n K li 


0.14 0.007 0.60 11,32 16.62 2,45 
" ” " 6.75 15.92 2.59 

" " " 6.75 15.92 2.59 


•0. —O* 0.61 


C(»{FIGii}RATIOM H -4 


CONFIGDHATIQN H -5 


LOWEST NOx VALDES 
LOWEST CO & THC VALDES 
LOWEST COMBINED VALDES 

LOWEST HOx VALDES 
LOWEST CO & THC VALDES 
lOWBST CABINED VALDES 


2.97 0.08 
0,02 0.02 


9.35 6.00 

0.01 0.09 


0.45 9.55 U.35 1.90 

0.56 6.75 3.12 2.29 

II II It II 

0.24 2.30 0.1€ 1.05 

0.77 " '' " 

II II II II 


1,00 14.05 4.53 3.38 
'• 8.30 3,24 4.38 

'• 8,30 3.24 1*.38 


2.18 0.68 0.67 16,62 6.96 2,64 

0.21 0.01 0.71 5.31 0.36 3.21 

" " " 5.31 0.38 3.21 


CONFIGDRATION H -6 


LOWEST NOx VALDES 
LOWEST CO & THC VALDES 
LOWEST COt-lBIEED VALDES 


2.85 0.11 

- 0 - 0.01 


0.45 2,30 0.02 1.-23 

0,97 " " " 


II I II 'll II 


0.37 0.05 0.68 6.14 0,66 2.86 

•' •' " 3.29 0.57 3.37 

" " •' 3.29 0.57 3.37 


CONFIGDRATION B -7 


LOWEST HOx VALDES 
LOWEST CO & THC VALDES 
LOWEST COMBINED VALDES 


0.54 

II 

If 


1.49 0.0; 0,65. 1,97 0.17 1.50 


II II II 


0.24 O.O1 0.66 11.26 1.00 3,35 

" " " 11.26 1.00 3.35 

•' " " 11.26 1.00 3.35 
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TABLE XXII, >• PHASE II DOIffilE/AimiJLAR COraiUSTOR COMFIGURAXIOATS, ESGIHE MODE COltTRIBUTIONS TO EPAP HflMBERS AND TOTAL EPAP BHUHERS. 


BWJIHB OPERATING KODEi 


IDLE 

CONTRIBDTIONS 
CO !mc MOx 


APPROACH CIOl-IBOUT TASE-OPP 

COHTHIBUTIOKS GOMTEEBOTIQKS' COHTRIBGTIOH 3 
CO THG EOx CO THC MQx: CO THC HOx 


1979 EPA STANDABIS LOWEST COHBIHED VALDES 


TOTAL EPAP NDMBER 


CO THC NQg 

4,3 0.8 3.0 


eP6-50 EHGIEB 


COJlPIGDHATIOIf D/a -1 


LOWEST C-OMBIHKD VALDES 9,97 4.10 0,3U 0,39 0,001 0,91 0.04 0.001 4.39 0,01 0,001 2,03 10,8 4.3 7»7 


LOWEST NOx VALDES 
LOWEST CO & THC VALDES 
LOWEST GOMBIHED VALDES 


6.46 1,49 0.45 9,84 0.65 0.39 0.13 0,01 2.14 0,03 -0- 0.86 12,46 2.15 3»84 

'• '• " 0.43 0.05 1.10 0.09 0,01 2,33 . 0,005 -0- 1,05 6,99 1.55 4,93 

•' •' " " " " 0,13 0.01 2.14 0.03 -0- 0,86 7,05 1.55 4,55 


0,03 0,01 0,99 15.33 2,49 3.08 

0.006 D,03 1,08 6,68 I.41 5,04 

0.03 0.01 0.99 6,81 1,39 4,50 


LOWEST NOx VALDES 

CONPIGtRATION D/A -2 LOWEST CO & THC VALDES 


8,98 1.12 0.42 
0.46 0,02 1.04 


0,15 0,01 2.00 
0,04 0,01 2,45 
0.15 0,01 2.00 


LOWEST NOx VALDES 

CIWPIGDRATIOH D/A^3 LOWEST CO & THC VALDES 

LOWEST CCKBINED VALDES 


2,17 0,01 0.85 


0.80 0,02 2,70 
0.23 0.006 3,22 
0.39 0,006 2,71 


0,06 0,001 1,34 12.14 4.81 5.32 

0,02 0.005 1.49 11.53 4,80 5.99 

0.06 0,001 1,34 11,72 4.80 5,33 


CONFIGDRATION D/A -4 LOWEST COMBINED VALDES 
CONPIGOHATION d/a -5 LOWEST COffilNED VALDES 
CQNFlGimATION COMBINED VALDES 


1.15 0.003 0,71 0.20 -0- 2.31 


,23 0,002 1,23 7,97 0,34 4,73 


0,43 0.003 0, 


CONFIGDRATION D/a ^7 LOWEST CaiBBlED VALDES 

(KWPIGDHATIOH D/a-8 LOWEST CO & THC VALDES 

LOWEST ca'BIHED VALDES 


2.82 0.01 0.82 0.11 O.OO5 1,60 O.OO7 0,01 0,68 1 5,32 0,21 3,58 


COHPIGDRATIOH d/a -9 


CONFIGDRATION D/a^10 


LOWEST NOx VALDES 
LOWEST CO & THC VALDES 
LOWEST COMBINED VALDES 


10.57 1,36 0.39 
0.21 0.01 0.77 
It If ft 

8.17 1.48 0.59 
0.11 0.01 0.76 

>i II ti 


0.11 0.003 2.20 
0.03 0.003 2.63 
0,04 0,0032.24 

0.13 0,003 2,09 
0.02 -0- 2,51 
0.13 0.003 2.09 


0,004 -0- 1,11 13,23 1,59 4,12 

” ” " 2.79 0.25 4.93 

" ’’ " J 2,80 0,25 4.54 

0.005 -0- 1,04 11.19 1,09 4.17 

-0,. 0,003 1.21 3,01 0,42 4.93 

" " ” 3.12 0.43 4.34 


LOWEST NOx VALDES 
LOWEST CO & THC VALDES 
LOWEST COMBINED VALDES 


6.52 1.43 0.44 
0.17 -o- 0.78 

li II li 


0.29 0.003 2.15 
0.26 0.003 2.61 
0.29 0,003 2.15 


- 0 - 1,11 
-0- 1,15 
- 0 - 1,11 


9,29 1,62 4,16 
2.88 0.19 5.00. 
2,94 0,19 4,50 


LOWEST NOx VALDES 

.CONFIGDRATION D/a -11 LOWEST CO & THC VALDES 

LOWEST COMBINED VALDES 


7.35 0.75 0.25 
0,15 0.003 0,79 


.0.03 0.003 2,24 
0.01 0.003 2,35 
0,03 d.003 2.24 


0.004 0.001 1.13 10,18 1,09 4.06 

0.002 -0- 1,35 2,96 0.35 4,93 

0.004 0.001 1,13 2.98 0.35 4.-60 


LOWEST NOx VALDES 

CONFIGDRATION D/A -12 LOWEST CO & THC VALDES 

LOWEST CCMBINED VALDES 


0.98 0.13 0.63 
0,31 0,008 0.80 

II n II 


0.13 0.006 2,18 
0.02 0.006 2,61 
0 .G 4 0,006 2 i 20 


G.004 -0- 1.10 4,11 0,53 4.34 

0.003 -0- 1,28 3,33 0.40 5,12 

0,004 -0- 1.10 3.35 0.40 4,53 
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IA3IE mi - BOrai^AiraniAR CCMBUSIOR m!SA cont. 


me QSERA^INS MCmEs : 


JHPIGDBAOJiOH D/A-13 


KIWES5! NOx VALUES 
LOVEST CO & OHO VALUES 
LOWEST CQMBIMED VALUES 


IDLE 

CQurarBUTioH 
CO THG : NOx 

0.30 0 , 1^1 

It ii ti 


APHIOACH 

GomBmmou 

CO THG -NOx 


CLIM30UT 
CONTHIB13TION 
CO THC KOx 


TAKE-OFF 
QomBrnsTio^ 
CO THC; NOr 


TOTAL EPAP HUK&ER 


THC NOy 


3.63 0.68 0.55 O0O6 -0- 1,97 Oc03 0.003 0 c 96 6.36 0.98 3.89 

0.28 0. 003 0 081 O0O3 -0- 2«22 0,003 -0-" iol6 2.95 0,30 U.60 

" " •' 0,06 -0- 0.96 0,03 0,0030,96 3,01 0,31 u,i9 


LOWEST NOx VALUES 

ON D/A-11ia LOWEST CO & THC VALUES 

.. LOWEST COMBINED VALUES 


LOWEST NOx VALUES 

IGDRATION D/A-Htb LOWEST CO & THC VALUES 
LOWEST COMBINED VALUES 


o.hh 

M 

9.25 1.17 0 . 1*3 

0,25 0.02 0.69 
0.35 O.O2 0.77 

0,11 - 0 - 2.53 

0,05 -0- 2.81* 

0,11 -0- 2.53 

O0OI 0.002 1.20 

(1 tl u 

If H II 

13.03 1.5s U.80 

3.57 0 , 1*3 5.17 
U »13 0 , 1*3 lt» 81 * 

0 . 1*2 

0,1*7 0.01 0.82 


....... 

mmmmmmmmwm 


0,1^1 0,00i| 0,80 : 

0 . 1*7 0,01 0.82 — 
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TABLE XXni. - GENERAL ELECTBIG DOUBLE/ANNULAR COMBUSTOR BEST POLLUTION 


PERFORMANCE DATA 


Combusior 

Fkigine mode 

CO 

THC 

''NO^ 

Combustion 

conSguration 








efficiency, 

percent 


El 

EPAP 

El 

EPAP 

El 

EPAP 


' ' ' , ■■ ' ' 


contri- 


contri- 


contri- 

': '■■^■'"'■::5/'-',;, 



button 


button 


button 


■ — — n 

D/A-13 

Idle 

19.3 

2.64 

2.2 

0.30 

3.0 

0.41 

99.3 


Approach pilot only* 

3.1 

.28 

,03 

.003 

12.8 

.81 

99.9 


Approach pilot and one-half main 

11,5 

1.05 

2.49 

.22 

6.25 

.57 

99.5 


Climbout 

.41 

.06 

0 

0 

13. 3 

1.97 

100 


Take-off 

.52 

.03 

.1 

.003 

16.9 

.96 

100 


S EPAP pilot only approach 


3.01 


.31 


4.15 



S EPAP pilot one-half main approach 
Cruise 

8.8 

3.78 

.2 

. 53 

8.0 

3.91 

99.8 

D/A-10 

Idle 

17.9 

2.44 

1.4 

0.19 

3.4 

0.46 

99.4 


Approach* 

1.9 

’.17 

0 

0 

8.6 

.78 

100 


Climbout 

1.92 

.29 

0 

.003 

14.5 

2.15 

' 100 


Take-off 

.7 

.04 

0 

0 

19.5 

1.11 

100 


j S EPAP 


2.94 


.19 


4.50 



NOTES: All data extrapolated to CF6-50 engine pressures, 

■02 

extrapolated to engine pressures by P ' . 

X' 
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•nvtsi xar, - HU£ir ii caRFicmrioNB, engine mode contributions to ebap numbers and total efap numbers. 





IDLE 


APFRQACE 

CUMBOUT 


TAKE-QEE 


TOTAL EFAP NUMBER 


ENSIHE OrSRATlHG MOlIBr 


CONTRIBUTION 

CONTRIBUTiaN 

CQNTRIBUEIQN 

CQKTHIBUTIC 3 N 1 







1 CO 

THC 

NOx 

1 CO 

THC 

NOx 

1 CO 

THC 

NOx 

1 CO 

THC 

NOx 

CO 

THC 

NOx 


1979 EPA STANDARDS 

LOWEST GOKBINED YALTIES 





•4.3 

0.8 

3.0 


1 





CP6-5O ENGINE 

LOWEST combined VALDES 

9.97 

ii.io ' 

0 . 3 U 

0.39 

0.001 

0.91 

0,04 

O0OOI 

i *.39 

0.01 

0,001 

2,03 

10,8 

u~r 

3,0 


; ' . '■ ;■ ■ ' : . . . V 'j 

configuration Va -1 

LOWEST NOic VALUES 

12 . 1*0 

U «63 

0.28 

7.63 

1*.52 

0.1*0 

6,10 

0.38 

1.71 

0,79 

0.03 

0.67 

26,9 

9.56 

3.06 


LOWEST CO & THC VALUES 

11.77 

3.93 

0.31 

0.25 

0002 

0.63 

2.90 

0,07 

3.1*7 

0.17 

0.002 

1,89 

15.09 

4.02 

6.30 



LOWEST combined VALUES 

It 

II 

II 

II 

It 

II 

M 

If 

*1 

0.70 

0.03 

0.69 

15.62 

l *.05 

5.10 


CONFIGURATION VA -2 

LOWEST HQx VALUES 

7.35 

0.83 

0 . 1*3 

9.92 

' 8 . 51 *' 

0,18 

1.62 

0.03 

2.11 

0,48 

0.01 

0.92 

19,37 

9.41 

3.63 


LOWEST CO & THC VALUES 

It 

II 

II 

0.11 

0001 

0 . 81 * 

0.96 

0.01 

3.18 

0.10 

0,002 1,42 

8,52 

0,85 

5.87 


LOWEST COMBINED VALUES 

it 

H 

II 

II 

II 

If 

il 

It 

If 

0010 

0,002 1 . 1*2 

8,52 

0.85 

5.87 


CONFIGURATION Va -3 

LOWEST KOx VALUEB^^^ 

6 . 21 * 

0.37 

0 . 1*1 

0.08 

0.01 

0.70 , 

7.11 

1.65 

1.25 

0.88 

0.08 

0.67 

14,31 

2.11 

3.03 


LOWEST CO & THC VALUES 


ft 

-It 

II 

II 

' '' 

2,35 

0.10 

3<»02 

0.12 

0.01 

1.31 

8,79 

0.49 

5 . 1 * 1 * 


LOWEST CQMBIHED VALUES 

II 

II 

1* 

II 

II 

"II ' . ■ 

II 

II 

II ' 

0,36 

0.02 

0.81 

9.03 

0.50 

1*.94 


CONFIGURATION HA-U 

LOWEST NOx VALUES 

5 o 84 

0.20 

0 . 1*3 

0 , 11 * 

0.02 

0.51 

8.09 

2.28 

0,77 

1,94 

0,27 

0.49 

16,01 

2.77 

2.20 


10 W 3 ST CO & THC VALUES 

»• 

II 

II 

1* 

It 

If 

4 . 1 i 2 

0.15 

3.36 

0,49 

0.01 

1.25 

10.89 

0.36 

5.55 



LOWEST COMBINED VALUES 

M 

II 

II 

if 

It 

II 

5.10 

0.23 

2.32 

II 

IS 

te 

11.57 

0.46 

4.51 


COOFIGURATION 

LOWEST HOx VALUES 

7 . 71 » 

0.36 

0.142 

0,09 

0.02 

0.72 

7.78 

2.26 

0.61 

1.32 

0.03 

1.05 

16.93 

2.67 

2.80 . 


LOWEST CO Ab THC VALUES 


If 

•I 

II 

•I 

It 

3.24 

0.12 

1.71 

1.00 

0,04 

1.31 

12.07 

0.54 




LOWEST CCMBINED VALUES 

** 

ft 

II 

If 

II 

« 

II 

11 

II 

(1 

It 

It 

12.07 

0.54 

,ilal 6 



LOWEST NOx values 
LOWEST CO & THC VALUES 
LOWEST COMBINED VALUES 

3 o 26 

11 

0.07 

It 

0.39 

II 

1 'T iO 00 

0.15 

0 o 81 * 
II * 

1 o 71 

II 

0.03 

If 

2.02 

II 






C(»lFIGDIttTl(Mt Va -6 

0.06 

<1 

oyoo 3 

II 






II 

It 

II 

II 

II 

11 







. ■ 














CONFIGURATION I 0 L -7 

LOWEST H' 3 x VALUES 


I0I7 

0.36 

O0OI 

O0OO5 0 . 61 * 

6,16 

5.07 

0,24 

! 2.04 

0.30 

0.39 

15.31 

6,55 

1,63 


LOWEST CO & THC VALUES 

; . -ii' 

, ,, ir 

II 

II 

II 

1 * 

1*.03 

0,33 

1 c 06 

0,74 

0.04 

0 . 5 U 

11,88 

1.55 

2.60 



LOWEST COMBINED VALUES 

It 

^ ^ II 

It 

II 

II 

If 

If 

II 

II 

It 

ft 

II 

11.88 

1.55 

2,60 
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TABLE XXV. - GENERAL ELECTRIC RADIAL/AXIAL COMBUSTOR BEST POLLUTION PERFORMANCE DATA 


Combustor 

configuration 

Engine mode 

CO 

THC 

NO^ 

Combustion 

efficiency, 

percent 


El 

EPAP 

contri- 

El 

EPAP 

contri- 

El 

EPAP 

contri- 




button 

. 

button 

. . 


button 


R/A - 2 

IdlA ^ ^ ^ ^ 

53.8 

7.35 

6.1 

0.83 

3 

0.43 

98.1 

CUmbout F/A = 0. 0074 

Approach pilot only* 

1.3 

.11 

.2 

.01 

9.2 

.84 

100 

Take-off F/A = 0. 0069 

Climbout 

6.4 

. 96 

.1 

. 01 

21.4 

3.18 

99.8 


Take-off 

1.8 

.10 

.03 

.002 

24.9 

1.42 

100 


S EPAP 
Crtiise 

29.1 

8.52 

2.47 

.852 

7.2 

5.87 

99.1 


Cruise one-half main fueled 

29.8 


2.47 


6.84 


99.1 

R/A - 2 

Idle 

53.8 

7.35 

6.1 

0.83 

3 

0.43 

98.1 

Climbout F/A = 0, 0049 

Approach pilot only* 

1.3 

.11 

.2 

.01 

9. 2 

.84 

100 

Climbout F/A = 0 . 0039 

Climbout 

10.9 

1.62 

1..-2 

.03 

14.2 

2. 11 

99.8 


Take-off 

8.5 

.48 

1- .1 

.01 

16.1 

.92 

99.8 


S EPAP 


9.56 


. 88 


4.30 



NOTE: All data extrapolated to CF6^50 engine pressures. 

^ ■ ■ ■ ■ 0 ■ 2 

Pilot only fueled at approach; NO extrtpolated to engine pressures by P ‘ 

X ■ 



TABLE XXVI. - STEADY STATE PERFORMANCE/EMISSION TESTS POINTS 


MAIN POWER POINTS 
ENGINE CONDITIONS 


SECONDARY POWER 
ENGINE CONDITIONS 


PRIMARY/SECONDARY 
FUEL STAGING POINT* 


12-POINT FIXED 
POLLUTION SAMPLING 


24-POINT FIXED 
POLLUTION SAMPLING 


TRAVERSE SAMPLING 



TOTALS: 

A. Total Engine Points .Investigated 
T. 16 Total Engine Conditions 
2. Single Fuel Scheduling at: 

a. Sub- idle 

b. Idle 

• c. Rich idle 
dr Sub-approach 
e. Rich approach 
■f._ Sub-climbout 
g. Sub- takeoff 

3/ 3-Fuel Splits Investigated at: 

a. Approach (approximately 30% power) 
. b. Climbout (approximately 85X power) 

c. Takeoff (lOOX power) ♦ 


Pollution Sampling 

1. 12-point Fixed Sampling - 4 EPAP settings 

2. 24-point Fixed Sampling - all engine conditions, 

16 total test points 

3. Traverse Sampling - 4 test points, EPAP settings 
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Pilot fuil nonie locations-^ 


Top vltw 

hise II Vortlx Combustor. P.4W. 






Pilot Injiclor-^ 



Main swirlar 


looking dowistraam 


•num 


Figur* 7-a. • Phase II Hybrid Combustor. P.«M. 


Strut cutouts 




SINGLE ANNULUS > UAN DOME COMBUSTOR. CFB-SO ENGINE RAOIAL/AXIAL STAGED COMBUSTOR, CFB-SO ENGINE 


(-FUEL 

[\TUBES 



NASA SVMRL CAN MODULAR COMBU< ^3R FOR CF6-S0 ENGIFX 


KFUa 



DOUBLE-ANNULAR LEAN DOME COMBUSTOR. CF6-S0 ENGINE 


Figure 8. - Combustor concepts for the CF6-50 engine, GE. 




Main burnar 


Phasa II Doubla/Annular Combustor, G.E. 


H^ura 9HD. - Phase II Double/Annutar Combustor, G.L 





Front view 

Phase II Oouble/Annular Combustor. (XP sector relight model, G.L 


Main burner 


Phase II Radial/Axial Combustor, a L 




'.V4.-V 


Figurt KHl - Phase n Radial /Axial Combustor, G.L 


O APPROACH. PHOT ONLY FUELED 
□ APPROACH. TWO STAGES FUELED 


O CUMBOUT. TWO STAGES FUELED 
A TAKEOFF, TWO STAGES FUELED 


98 99.5 99.8 99.9 99.95 

COMBUSTION EFRCIENCY AT Pi. % 


Rgure 11. - Effect of combustion efficiency on NOj^ pressure exponent. ECCP 
phase II test configurations. 






Phast n Radiai/Axial Combustor, G. L 


O APPROACH. PILOT ONLY FUELED 
□ APPROACH. TWO STAGES FUELED 


O CIJMBOUT. TWO STAGES FUELED 
A TAKEOFF. TWO STAGES FUELED 


COMBUSTION EFOCIENCY AT Pj, % 

Rnure 11. - Effect of combustion efficiency on NO^ pressure exponent. ECCP 
phase II test configurations. 





PRESSURE EXPONENT, 




3.445 ^ 

^ A A 

O APPROACH. PIIOT ONLY 
□ APPROACH. TWO STAGE 
Q O CUMBOUT. TWO STAGE 

A TAKEOFF. TWO STAGE 



EI^ AT Pj. g/KG 


Figure 12. - Effect of pressure on HC emissions. 



CO EMISSION INDEX AT Pj. g/KG FUEL 


Rgure 13. - Effect of pressure on CO emission index, ail ECCP il tests. 


NASA-L«wit 


